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ABSTRACT

Dietrich, Paul J. Ph.D., Purdue University, December 2013. Spectroscopic and Kinetic
Characterization of Catalytic Materials for the Conversion of Biomass-Derived
Compounds. Major Professor: Fabio Ribeiro.

As economies look to transition away from petroleum for social, economic, and political
reasons, biomass will continue to attract attention as a renewable feedstock for the fuels
and chemicals industry. In order to turn biomass into end use fuels and chemicals, the
oxygen content must be lowered significantly, requiring large hydrogen inputs. For these
processes to be completely renewable, the hydrogen must come from biomass or
biomass-derived compounds. In this work, catalysts for the aqueous phase reforming
(APR) of biomass-derived sugars were characterized by a combination of reaction
kinetics, x-ray spectroscopy, electron microscopy, and theoretical computation to
determine the active sites and the roles of promoters on APR.

Here, we have studied several Pt-based catalysts for the conversion of glycerol (a model
sugar compound) into hydrogen via aqueous phase reforming. Adding the promoters Mo
and Co to a carbon supported Pt catalyst increased the reaction rates, but had different
effects on selectivity. The addition of Mo increased the rates of hydrogen generation
reactions, but also increased the rates of deoxygenation side reactions. In contrast,
adding Co increased reaction rates by up to a factor of 4, while maintaining Pt like

xxii
selectivity.

These kinetic differences manifested themselves in the final gas phase

hydrogen selectivity, with PtCo catalysts maintaining selectivity >85% at 70%
conversion, and PtMo showing 65% H2 selectivity at similar conversion.

Characterization via x-ray spectroscopy and electron microscopy gave structural clues as
to the differences in reaction performance. X-ray absorption spectroscopy (XAS) showed
the formation and maintenance of bimetallic PtMo and PtCo catalysts under reaction
conditions. However, the XAS also indicated that the Co remains mostly reduced (70-90%
Co0 under aqueous conditions), while the Mo remains predominantly oxidized.
Theoretical calculations indicate that the oxidized Mo preferentially will occupy the
surface of Pt or PtMo alloy particles, and is able catalyze the deoxygenation reactions.
The Co does not form the same structures and remains metallic and coordinated to the Pt
under aqueous conditions. The difference in structures helps to explain the selectivity
differences observed for the two promoters.

Additional studies of PtCo catalysts by XAS and scanning transmission electron
microscopy (STEM) revealed how the Co aids in the promotion of the reaction. Via
STEM, three different particle configurations were observed for PtCo catalysts: pure Pt,
Pt shell/Co core, and well mixed PtCo alloys, with different fractions of each observed
for Pt:Co ratios between 1:0.5 and 1:5. Correlations of reaction rates with the fraction of
each type of particle revealed that the rates scale with the fraction of well-mixed alloy
particles present in the sample. This suggests that the well mixed alloy is responsible for
the observed rate promotion. Using the water-gas shift reaction as a probe, it was
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observed that the CO reaction order was lower for PtCo bimetallic catalysts, which
suggests stronger CO binding to the surface. This may have similar effects on the surface
energies of the biomass reforming intermediates, which suggests one way in which Co
promotes the reaction is by stronger binding of intermediates and increased rates of
surface reactions.

In addition to studying glycerol as a probe molecule, other C3 alcohols (1,2- and 1,3propanediols, 1-propanol) were studied to understand how the position of the alcohol and
alkyl groups affected the rates and selectivity of APR. It was observed that regardless of
the positions of the functional groups the rates of reaction were similar for all the studied
compounds. This suggests that the rate limiting steps for each of these molecules is
similar. However, the position of the functional groups did have an effect on the pathway
selectivity. Compounds with either a C:O ratio of 1:1, or those with a terminal alkyl
fragment (1,2-propanediol, 1-propanol) tended to react along a carbon-carbon bond
cleavage pathway (the preferred pathway for hydrogen generation from alcohols) to form
H2 and CO2. In contrast, the 1,3-propanediol reacted first through a carbon-oxygen
pathway to form 1-propanol (consuming hydrogen), and then along the carbon-carbon
cleavage pathway. The consequence of this is that the H2 rates and selectivity for the 1,3propanediol were lower than for any other alcohol, suggesting that the positioning of the
alcohols and alkyl fragments has an impact on the reaction selectivity.
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CHAPTER 1. INTRODUCTION

1.1

Introduction

The work described in this thesis is a part of the Institute for Atom-efficient Chemical
Transformations, a US Department of Energy Energy Frontier Research Center. The goal
of this center is to advance the science of catalysis in order to improve the efficiency of
conversion of energy resources into usable forms, by studying the catalysis of several key
chemical reactions of biomass-derived compounds (Figure 1.1). To accomplish this goal,
the center combines four core areas of catalysis research: Catalyst synthesis, advanced
characterization (in situ and operando), catalytic and chemical reaction science, and
computational modeling. The overarching objective is to design, synthesize, and test
novel and multifunctional catalytic systems which combine multiple processes and/or
reactions into a single entity to improve the conversion efficiency of biomass compounds
into usable energy resources. The work here contains components of three of the core
areas, focusing predominantly on advanced characterization and catalyst testing, with
computational modeling to support the first two techniques.
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Figure 1.1
Chemical reactions roadmap to fuels and chemicals developed for
processes studied in the IACT project.

1.2

Background Information and Previous Work

Since the dawn of the 20th century, petroleum has served
d as the backbone for the fuels
and chemicals industry as a feedstock and platform for their processes and products.
With concerns over the future availability and stability of acquiring and extracting
petroleum due to political, economic, and environment
environmental
al concerns, lignocellulosic
biomass has been proposed as an alternative and renewable feedstock for the production
of fuels and chemicals.
cals. However, petroleum has low oxygen content, in contrast to the
high oxygen levels common to biomass derived molecule
molecules.
s. Biomass can be converted by
acid hydrolysis or pyrolysis, but the products from these processes still contain
significant oxygen, and must be further treated with extensive downstream processing [1,

3
2]. In order to remove the oxygen from these streams, significant hydrogen inputs are
required. In order to maintain atom-efficiency and to ensure that the overall conversion
process is carbon neutral, the hydrogen must come from renewable resources, either in a
separate hydrogen generation step or by in situ hydrogen generation in the reactors.

One catalytic process that has been demonstrated to be technically feasible for the
production of hydrogen from biomass is the aqueous phase reforming (APR) of biomassderived sugar compounds [3]. Using the reforming of sorbitol as an example, Cortright
and co-authors showed that these compounds could be completely converted into H2 and
CO2 via the following overall reaction:
C6 H14 O6 l + 6 H2 Ol ⇌ 13 H2 g+ 6 CO2 (g)
One advantage of APR is the thermodynamic favorability. For the example of sorbitol
reforming, the equilibrium constant was on the order of 108 at 227 °C.

[3-5]. Other

feedstocks tested including glucose, glycerol, ethylene glycol, and methanol displayed
conversion to hydrogen and carbon dioxide under aqueous phase conditions with varying
selectivity. APR reactions for these molecules are also thermodynamically viable, as
demonstrated in Figure 1.2 and in other work by Luo et al [4, 5].
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Figure 1.2
Equilibrium constant as a function of temperature for the water-gas shift
reaction (green diamonds) and APR reactions converting methanol (black squares),
ethylene glycol (red circles), glycerol (blue triangles), and sorbitol (purple inverse
triangles) to hydrogen and carbon dioxide.

Other advantages of APR include liquid phase processing which eliminates large energy
inputs required to vaporize relatively non-volatile feedstocks [6, 7] and allows for the
processing of compounds that thermally decompose below their boiling points [7].
Finally, the reaction is tunable to different final products such as hydrogen generation [3,
6, 8], synthesis gas production [9-11], or conversion to monofunctional intermediates for
further upgrading to liquid fuels [12, 13]. These processes occur at relatively mild
conditions (200 – 250 °C, 20 – 40 bar) compared to traditional petroleum reforming
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processes (>600 °C, 200 bar). A schematic of the different pathways available for APR,
adapted from Cortright et al. [3] is presented in Figure 1.3.

Figure 1.3
Possible reaction pathways for converting oxygenated biomass
compounds into gas phase products (CO, CO2, H2, CH4). Adapted from Cortright et al
[3].

Previous work on the aqueous phase reforming system has focused primarily on
identifying effective catalyst formulations and the effects of process conditions on the
reaction products. Earlyy work identified supported Pt, Pd, and Ni catalysts as effective
for generating hydrogen through APR of small oxygenates [3, 8, 14].. Of those three, Pt
has been identified as the choice metal. Supported nickel iss active for APR, but has
selectivity issues (generating small hydrocarbons, which reduce hydr
hydrogen
ogen yields), and
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also deactivates significantly [14, 15]. Raney nickel has also been used and improves the
stability of supported Ni catalysts [15, 16], but it is a pyrophoric material which has
practical consequences, and still shows significant deactivation [15, 17].

Nickel/tin

systems were also tested which suppressed the alkane formation issues on Ni catalysts
(by blocking potential sites for CO dissociation, and thus suppressing the methanation
reaction) [15-17]. Pd showed good selectivity to H2, but the reaction rates were generally
lower than for Pt [14, 18].

The reactivity of biomass derived molecules on Pt can be modified by changing the
support material or by adding a secondary metal.

Initial liquid phase reforming

experiments were conducted on alumina supports, and support effects have been
investigated for these reactions. Shabaker and co-workers investigated support effects on
rate and found that hydrogen generation rates for different supported Pt catalysts
decreased in the order of TiO2 > Al2O3, carbon, Pt-black > SiO2-Al2O3, ZrO2 > CeO2,
ZnO, SiO2, but did not comment on stability [8]. Soares et al. [19] tested a variety of
supports and found that while CeO2/ZrO2 supports were the most stable for reforming,
their performance was inferior to carbon supports. Highly acidic and basic supports
(Al2O3, ZrO2, MgO/ZrO2) were also tested, but were found to deactivate quickly despite
good reforming rates. Thus, activated carbon has been used as the support of choice for
kinetic experiments on glycerol reforming as it has both suitable activity and good
stability. Recently, carbon nanotubes have been identified as a support for aqueous phase
reforming catalysts [20, 21], due to its similar properties to activated carbon, with the
added advantage of being TEM friendly to assist in characterization.
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Adding a second metal to the Pt system is another way to improve the rates of reaction [9,
18, 20-24]. Huber et al. screened 130 bimetallic Pt and Pd catalysts for APR of ethylene
glycol [18]. These results indicate that the addition of Ni, Fe, or Co to a Pt catalyst can
enhance hydrogen turnover rates by up to a factor of 3. Molar ratios up to 1:9 Pt:Me
were investigated, but the highest promotional effects were observed with a 1:1 Pt:Me
ratio. Kunkes et al. described similar promotional effects for vapor phase reforming of
glycerol to produce synthesis gas, with Re providing the best improvement in hydrogen
generation rate [9, 11].

Under vapor phase conditions, Pt/C has good activity for

synthesis gas production above 620K, however rates at lower temperatures are limited
due to the poisoning effects of CO adsorbed on the surface [11]. When added to the Pt/C,
Re increased H2 turnover rates by over an order of magnitude, and showed an increase in
CO2 production rate with a corresponding decrease in the CO/CO2 ratio. This indicates
that Re increases both the rate of reforming and water gas shift. Increasing surface water
gas shift reactions both increases the amount of hydrogen generated and clears CO
species from the surface, so it is a good way to improve the activity of APR catalysts.

The PtRe/C catalysts that were shown to be effective for vapor phase reforming were also
tested in liquid phase operation. Work by King et al. demonstrates that PtRe/C catalysts
provide a similar benefit to hydrogen generation rates in APR as they do in the vapor
phase [22, 25]. While the rates of both glycerol conversion and hydrogen generation are
increased, the addition of Re to catalysts for liquid phase processing also increases
selectivity to alkanes. They attribute this change in selectivity to the acidity of surface
Re-O species under aqueous conditions [26] which can then catalyze dehydration

8
reactions. In order to verify the role of acidity in the reaction, KOH was co-fed with the
glycerol solution to counteract surface acidity. This succeeded in decreasing the role of
the acidity while leaving a small increase in hydrogen production. However, the addition
of base also decreased selectivity due to base catalyzed reactions in solution, both
dehydration (forming additional propylene glycol [27] and oxidation (to form lactic acid).

1.3

Thesis Overview

The literature on aqueous phase reforming has provided a good background on effective
catalytic materials, including support effects and promoters that enhance reaction rates.
However, there is not much literature discussing the active phases of these catalysts under
reaction conditions, nor is there a complete analysis of how materials properties,
particularly particle morphology, affect the rate and selectivity of the APR reaction. In
addition, the model compounds investigated in literature are generally sugar alcohols
with a C:O ratio of 1:1. Thus, there is an opportunity for a complete product analysis of
the reforming network to understand how different compounds react over these catalysts.

This work focused on two major objectives.

First, the advanced characterization

capabilities available through the Institute for Atom-efficient Chemical Transformations
were utilized to study the active phase of the catalyst through kinetic experiments,
operando and in-situ spectroscopy (specifically x-ray absorption spectroscopy available
at the Advanced Photon Source at Argonne National Lab), and computational modeling
via density functional theory. By combining these techniques, we aim to describe the
oxidation states, particle morphology, and surface intermediates of the catalyst under
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reaction conditions (using glycerol as a model compound), and correlate those to the
results of kinetic experiments to understand how the active form of the catalyst
contributes to observed rates and selectivity. From this data, we will propose models or
catalyst properties that can be used to design better catalysts. Chapters 3-6 cover the
work relating the catalyst structure and materials properties to the rates and selectivity of
the aqueous phase reforming of glycerol for Pt, PtMo, and PtCo catalysts.

The second objective will be probing the APR reaction mechanism to determine the
reaction rates and selectivity of other biomass compounds that might make up a ‘real’
biomass feedstock. Aside from significant work on ethanol (vapor phase) and ethylene
glycol, the literature has few examples of studying the other intermediates in the aqueous
phase reforming reaction network, particularly those resulting from deoxygenation
reactions [28, 29]. In particular, we aim to be able to directly compare the rates of
reaction for these types of compounds with a sugar model compound (i.e. glycerol) to
understand the effects of functional groups and their position on the rates and selectivity.
Chapter 7 contains the study of how different 3-carbon alcohols with varying functional
group numbers and positions react over Pt catalysts.
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CHAPTER 2. MATERIALS AND METHODS

2.1
2.1.1

Catalyst Synthesis

Carbon Supported Platinum and Platinum/Molybdenum Catalysts

The carbon supported Pt catalyst was prepared by incipient wetness impregnation of a
commercially available carbon black (Norit-SX1G) with an aqueous solution of
H2PtCl6·6H2O (Strem Chemicals) to yield a catalyst with 5 wt% Pt loading. For the
bimetallic PtMo catalyst, Mo was added by incipient wetness impregnation of a Mo(CO)6
in THF solution on the dried and unreduced 5 wt% Pt on carbon catalyst (molar Pt:Mo
ratio of 1:1). The catalysts were dried in air for 12 hours at 25 °C. After drying, each
catalyst was reduced for 2 hours in flowing H2 at 200 sccm by heating to 450 °C at 0.5 °C
min-1. The catalyst was cooled in He, and passivated in flowing 2% O2 in He at 25 °C.
Prior to reaction, the passivated catalyst was re-reduced for 2 hours under 50 sccm of 4%
H2 in Ar at 300 °C.

2.1.2

Multiwalled Carbon Nanotube Supported Platinum Bimetallics

Several catalysts were prepared on multiwalled carbon nanotubes for these studies:
monometallic Pt; a PtMo bimetallic with a 1:1 Pt:Mo molar ratio; a series of PtCo
bimetallics with Pt:Co molar ratios of 1:0.5, 1:1, and 1:5; and a monometallic Co catalyst.
The multiwalled carbon nanotube support (Cheaptubes, Inc.) was oxygen-functionalized
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by refluxing in concentrated (69 wt%) nitric acid for 4 hours. The MWCNT were then
washed 10 times by centrifugation and decanting and dried overnight at 150 °C. The
metals were then added by sequential incipient wetness impregnation (IWI) of aqueous
solutions of tetraammineplatinum(II) nitrate (Sigma Aldrich), followed by either cobalt
nitrate hydrate (Alfa Aesar) or ammonium heptamolybdate tetrahydrate (Aldrich). Each
solution was prepared so as to give 5 wt% Pt and the appropriate loading of the secondary
metal (PtMo 1:1, 2.6 wt%; PtCo 1:0.5, 0.8 wt%; PtCo 1:1, 1.6 wt%; PtCo 1:5, 7.8 wt%).
The monometallic Co catalyst was prepared by IWI with an aqueous solution cobalt
nitrate hydrate (Alfa Aesar) with a metal loading of 5 wt%. The catalysts were dried in
air overnight at 150 °C following impregnation. Before starting the reaction, each catalyst
was reduced in situ with 45 sccm 5% H2/Ar mixture using a 2 hour ramp, 2 hour soak to
400 °C for Pt/MWCNT and the series of PtCo/MWCNT and 450 °C for PtMo/MWCNT
and Co/MWCNT.

2.2

Aqueous Phase Reforming Kinetics

Aqueous phase reforming kinetic experiments were conducted in a fixed bed, plug flow
reactor system, equipped to perform operando x-ray absorption spectroscopy [30].
Sigradur glassy carbon tubes (10 mm x 4 mm OD x ID, Hochtemperatur-Werkstoffe
GmbH ) or quartz tubes (6.35 mm x 3.124 mm OD x ID) were used as reactors. The
glassy carbon tubes have been shown to have good X-ray transparency under operation at
temperature and pressures up to 600 °C and 35 bar [31]. These reactors were connected
using graphite ferrules and standard Swagelok fittings. Catalyst samples were held in
place by plugs of quartz wool and mesh frits welded to the end of stainless steel rods. The
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catalyst loading was varied between 20 and 250 mg. Prior to introduction of the liquid
feedstock, the catalysts were reduced in situ at the conditions described in Section 2.1.
Reforming experiments were conducted isothermally at 230 °C, 30-32 bar, with an
aqueous feed solution pumped into the system using a Teledyne ISCO syringe pump
(100DM). For glycerol reforming experiments, the feed solution was a 30 wt% aqueous
glycerol solution. For the experiments on alcohol/diol reforming, the feed concentrations
were calculated to have the same mole fraction (0.077) as the glycerol feed, which
corresponds to a 26.2 wt% aqueous solutions of 1,2- and 1,3-propanediols, and a 22.1 wt%
aqueous solution of 1-propanol. Flow rates were varied from 0.005 mL/min to 0.3
mL/min, corresponding to weight hourly space velocities (WHSV,

 



   × 

)

between 0.5 hr-1 and 200 hr-1, which were changed to vary conversion. Temperature was
monitored and controlled via a type K thermocouple (Omega Engineering) inserted into
the top of the catalyst bed and a PID controller (Omega Engineering). System pressure
was controlled via a back pressure regulator (GO Regulators or Equilibar).

Gas phase products were collected and analyzed online in two ways. For work described
in Chapter 3-5, 27 sccm of Ar was flowed through the liquid/gas phase separator as an
internal standard, and then through the backpressure regulator (GO Regulators). In the
work described in Chapters 6 and 7, 13.5 sccm of Ar sweep gas was introduced
immediately before a dual phase back pressure regulator (Equilibar), after which the
liquid and gas phase products were separated in a phase separator (Jurgeson), and the gas
effluent was passed through a 300 mL stainless steel mixing vessel to minimize the
effects of pulses of bubbles coming from the reactor. The resulting Ar/product mixes
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were then fed into two gas chromatographs (Agilent 6890 and 7890) equipped with
packed columns (Carboxen-1000) and thermal conductivity detectors. Helium (for
quantifying gas phase COx and hydrocarbon species) and nitrogen (for quantifying
hydrogen) were used as carrier gases. Samples of the liquid phase effluent were collected
periodically and analyzed off line using an Agilent 7890 with a capillary column (DBWAX) and an autosampler (Agilent 7693). System mass balances generally closed to
within 100 ± 2%, and system carbon balances generally closed to within 100 ± 5%. The
system carbon balance accounts for all products in gas and liquid phase, as well as the
unreacted feed.

Reaction rates are defined as turnover rates (TOR,





  
 × 

), and are normalized by

surface sites from CO chemisorption (PtMo/MWCNT and PtCo/MWCNT catalysts) and
O2 chemisorption (Pt/MWCNT catalyst). Individual product turnover rates are defined as
rx (where x is glycerol or a reaction product, i.e. rmethane is the methane TOR). Carbon
 × 

selectivity to individual products is defined as 

! 

"#$%# × &

× 100%*, and is

calculated to sum to a total of 100% over all the products in both liquid and gas phase
effluents. The carbon selectivity to groups of products (i.e. carbon-carbon cleavage
selectivity) is defined as

∑ × 

! 

"#$%# × &

× 100% .

The carbon selectivity

does not account for the unreacted feed. Gas phase hydrogen selectivity compares the
amount of molecular H2 generated versus hydrogen contained in alkanes, and is
calculated as 

,-

,- ./ ×0,1 . 2 ×0- ,3

× 100%.
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The rates of water gas shift and methanation reactions were measured simultaneously in a
fixed bed, plug flow reactor. Reaction rates for the water gas shift reaction are defined as




4- 5  
 × 

, normalized to total Pt loading, and were measured at 300 °C. Reaction rates

for the methanation reaction are defined as



41 5  



 × 

. The experiments were

performed at conditions to ensure differential conversion, i.e. less than 10% CO
conversion and product co-feed. Feed concentrations were 6.8% CO, 8.5% CO2, 21.9%
H2O, 37.4% H2, and balance Ar flowed at 75 sccm at atmospheric pressure. For
additional experimental details on the water-gas shift reaction, see [32].

2.2.1

Mass Transfer Considerations

In order to be able to properly compare the kinetics of catalytic reactions, the effects of
mass transfer, both intraparticle and interphase, must be considered.

However, the

conditions and materials for this study were chosen to limit or eliminate the effects of
mass transfer. It has been documented in the literature that the MWCNT supports are
non-porous, which helps to limit the effects of internal mass transfer [33-35]. However,
there still may be an effect of internal mass transfer due to meso- or macroporosity
introduced by the packing of the fibers. To verify the lack of internal mass transport in
our catalysts, the Weisz-Prater criterion [36] was applied, where the calculated value
must be less than unity for mass transfer to not be a factor. The computed value was
determined to be 5 · 10-4, indicating that our system is free of internal mass transfer
effects. .
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For external or interphase mass transport, the flow regimes that we have chosen as our
conditions are similar to those chosen by Shabaker et al. [6], in which they do not see the
effects of interphase mass transfer. To verify this, the parameters relating to interphase
transport laid out by Shabaker, and found in the work of Mears [37], were calculated for
this system. Using these criteria, the values for our reaction were found to be well under
the criteria. The computed value for interphase transport was found to be 3 · 10-4, as
compared to the criterion of 0.15/n, where n is the reaction order. This parameter
required that the calculated value was less than that of the criterion. While the reaction
orders for glycerol were not measured, our computed value falls under the criterion by 3
orders of magnitude, meaning that the reaction order would have to be on the order of 103
to see the effects of interphase mass transport. Additionally, the criterion for axial
dispersion was tested against that of Mears [37], which required the calculated value be
larger than the target value. Our calculated value was determined to be 50 against a
target value of 5 · 10-4, indicating that the flow regime was free from axial dispersion
effects as well.

For these correlations, several parameters required estimation from correlations. For the
diffusivity of glycerol in an aqueous solution, an average of the correlations of
Hayduk/Laudie [38] and Siddiqi/Lucas [39], both of which were specifically designed for
aqueous solutions, were used. The equations gave similar estimates for the diffusivity
(1.45·10-4 cm2s-1 for Hayduk/Laudie, 1.54·10-4 cm2s-1 for Siddiqi/Lucas). For calculating
a mass transfer factor (jD), the correlation of Wilson and Geankoplis [40] for packed beds
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was used. To calculate the mass transfer coefficient, the Chilton-Colburn equation was
utilized.

2.2.2

Implications of the Non-Differential Reactor

In Chapters 6 and 7, site time yields (STY) are used to define reaction rates in lieu of
turnover rates. The reason for this convention is as follows. Reaction systems such as
glycerol reforming make achieving differential conditions difficult.

The complex

network with both series and parallel reactions, as well as possible inhibition by the
reaction products and stable intermediates requires a detailed and in-depth kinetic study.
We do note that while it would be possible to co-feed the reaction products and liquid
phase intermediates, these molecules are products from and react to form the same
products as the glycerol feedstock. Deconvoluting the contribution from each molecule
in the feed to the measured rates would be difficult.

Because we do not know the concentration profiles of the intermediates along the reactor
(as these can either desorb from the surface or continue to react), the reactor is not truly
differential, and therefore we define rates as site time yields rather than turnover rates.
Additionally, the local concentrations of the intermediates and products will be affected
by the flow conditions in the reactor, or in the case of this study, the pump speed.
To minimize these issues and compare our site time yields across different samples, we
keep as many of these parameters as constant as possible. The rates are compared at low
conversions (between 2% and 4%) so that the glycerol concentration is approximately
constant across the catalyst bed. In addition to keep temperature, pressure, and WHSV
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constant, we minimize the effects of the flow patterns on the concentration profiles by
measuring rates at similar catalyst loadings and pump speeds. This allows us to compare
catalysts for a single study, but may make comparisons with other sources operating in a
different parameter space with different flow conditions impractical.

2.3

Electron Microscopy

Samples of the catalyst powder (1-2 mg) were suspended in pure ethanol (1-3 mL) and
dispersed with an ultrasonic bath for approximately 5 minutes. Several drops of this
suspension were spread over a copper TEM grid (200 mesh) coated with a lacey carbon
film. The images were captured on an FEI Titan microscope operating at 300 kV and
equipped with a Gatan Imaging Filter (GIF). Digital images were captured on a CCD
camera (2048 x 2048 pixel) and stored using the Gatan Digital Micrograph software
package. Particle size distributions on both fresh and used samples were determined
using the ImageJ software package.

Scanning transmission electron microscopy (STEM) and electron energy loss
spectroscopy (EELS) analysis were carried out using a dedicated aberration-corrected
STEM Hitachi HD-2700C at 200 kV equipped with a modified Gatan Enfina ER
spectrometer hosted at the Center for Functional Nanomaterials, Brookhaven National
Laboratory. The convergence angle and the ADF collection angles were 28 mrad and 64341 mrad, respectively. The Enfina spectrometer entrance aperture was set to 3 mm
resulting in an EELS collection angle of 26.7 mrad and an energy resolution of 0.35 eV
as measured from the full width at half maximum (FWHM) of the zero-loss peak.
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The EELS spectra for Co and Pt were collected at the L2,3 and M4,5 edges, respectively.
EELS line scans for Co and Pt were performed separately, the order of which is varied
randomly to assess the effect of condensed electron beam on the nanoparticles. The EELS
dwell time was varied between 0.1 – 0.3 s to avoid beam induced structural changes. Any
structural change can be discerned by comparing the HAADF line-scan print of particles
under two successive line-scans. The data of particles undergoing such a change were
discarded. The step size for line-scans was varied between 1-3 Å. The core-loss
intensities were extracted by extrapolating the background using a power-law model and
subtracting it from the acquired signal. Data processing was carried out using Gatan
Digital Micrograph.

2.4

X-ray Absorption Spectroscopy

Pt LIII (11.564 keV), Mo K (19.999 keV), and Co K (7.709 keV) edge X-ray absorption
spectroscopy (XAS) experiments were performed at the Materials Research Collaborative
Access Team (MRCAT) insertion device (10-ID) and bending magnet (10-BM)
beamlines at the Advanced Photon Source (APS), Argonne National Laboratory. All
experiments reported were conducted in transmission mode. Ion chambers were
optimized for maximum current with linear response (ca. 1010 photons detected sec-1). A
third detector in series simultaneously captured a reference foil for energy calibration for
all XAS experiments. The X-ray beam size was 0.5 mm x 0.5 mm (operando experiments)
and 1.0 mm x 1.0 mm for ex-situ and in-situ experiments.
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Ex situ and in situ experiments were conducted in a quartz tube reactor (1” OD, 10”
length) with Kapton windows sealed with Ultra-Torr fittings. Ball valves were connected
to the tubes by welded Swagelok fittings to provide a gas inlet and outlet and to isolate
the catalyst atmosphere. Catalyst samples were pressed into self-supporting wafers
loaded into a 6 well sample holder. The amount of catalyst in each well was calculated to
give an absorbance (µx) of approximately 2.0. Catalysts were reduced in 3.5% H2/He
mixture at the appropriate reduction temperature (see section 2.2), then purged with He
for 10 min and cooled to room temperature prior to scanning. Catalysts with adsorbed CO
were first reduced, treated with a mixture of 1% CO/He at room temperature, purged with
He for 10 min at room temperature, and scanned under a He atmosphere.

Operando XAS experiments were preformed under liquid phase reaction conditions
identical to those described in section 2.2. Multiple scans were taken and averaged at
steady state conditions to obtain adequate signal to noise. The Debye–Waller factor
(DWF, ∆σ2) is temperature dependent, and the value at reaction temperature was
determined by obtaining the XAS spectrum first at the reaction temperature and again
after cooling to room temperature and assuming the same coordination number at both
temperatures. Gas phase reaction products were continuously monitored to determine
when the system had achieved steady state. Liquid products were collected in a manner
similar to sampling in the lab after several hours at steady state and analyzed off line later
to ensure consistency with lab results.
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X-ray absorption spectra were analyzed using standard practices with WINXAS 3.1
software. X-ray absorption near edge (XANES) spectra were obtained using standard
methods, and were energy calibrated by comparing a foil obtained simultaneously to the
standard edge position. The edge energy was determined from the position of the
maximum of the first peak in the first derivative of the XANES region.

Phase shifts and backscattering amplitudes for the extended X-ray absorption fine
structure (EXAFS) were determined for monometallic scatters (i.e. Pt-Pt, Co-Co, Mo-Mo)
from experimentally obtained foils (12 at 2.77 Å for Pt-Pt; 12 at 2.51 Å for Co-Co; 8 at
2.76 Å for Mo). Bimetallic scatters (Pt-Mo, Mo-Pt, Pt-Co and Co-Pt) were calculated
with FEFF6 code using two atom calculations. The values for S02 and ∆σ2 were first
determined by fitting the foils with FEFF. EXAFS parameters were then calculated for
the first shell using these references by performing a least squares fit in R-space of the k2
weighted Fourier transform.

2.5

X-ray Photoelectron Spectroscopy

XPS was performed in a Kratos Axis Ultra DLD. The system uses a monochromatic Al
K-alpha (1486.6 eV) x-ray source, a hemispherical electron analyzer, magnetic
immersion lens and a charge neutralization system. All spectra were collected at a base
pressure of ~1 × 10-9 mbar. The x-ray gun was operated with 75 watts of power with a
potential of 14.7 kV across the anode. Before introduction of the catalyst to the XPS
chamber it was passivated in 2% O2. Analysis was performed on the passivated catalyst
before and after reduction in an ex-situ reactor. The ex-situ reactor allows the catalysts to
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be reduced in H2 at atmospheric pressure and 573 K then transported to the XPS chamber
without exposure to air.

XPS spectra were deconvoluted using CasaXPS 2.3.14. The binding energy corrections
on all spectra were calibrated to the C 1s peak at 284.6 eV. Metallic peaks were assumed
to have a hybrid Doniach-Sunjic [41]/Gaussian-Lorentzian line-shape with a Shirley type
background [42]; while non-metallic peaks were a purely Gaussian-Lorentzian line-shape
with a linear background [43].

2.6

Computational Modeling

The computations were performed within the DFT framework with the PW91 exchangecorrelation functional [44, 45] and the Stuttgart pseudo-potentials/basis sets for Pt and
Mo [46] as implemented in the NWChem package [47]. This selection is based on
extensive tests of various alternative choices, which were performed on Pt and Mo atoms
and dimers. For the C, O, and H atoms, the corresponding all-electron 6-311G(2df,2pd)
basis sets were utilized [46].
gradient-based techniques.

The structural optimizations were carried out using
Spin-unrestricted formalism was used to allow for

optimization of not only the interatomic distances, but also the spin-defined electronic
states.

For the CO adsorption studies, we consider the case of 55-atom clusters. Optimized
icosahedral (ico, Ih), cuboctahedral (cubo, Ih) and Cs-symmetry conformations, which are
about 1 nm in diameter, were chosen as paradigmatic representatives of Pt55 and its Mo-
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doped derivatives.

The Cs conformation is generated by reflecting half of the ico

structure with respect to a plane that contains its central atom and is perpendicular to its
5-fold axis. The cubo conformation is consistent with the FCC lattice structure of bulk Pt,
but neither the ico, the cubo, nor the Cs conformation is necessarily the energetically most
preferred form of Pt55 (the imposed symmetries result in a significant speed-up of the
computations).

The average energy of CO adsorption on the clusters was computed as

E Ads =[ECluster + pECO −ETotal ]/ p
where

ECluster , ECO and ETotal are the equilibrium energies of the bare cluster, the

CO molecule and the CO-covered cluster, and

p is the number of the adsorbed CO

molecules.

To analyze the energetics of the catalytic reactions of interest (removal of a hydrogen
atom or a hydroxyl group) from glycerol or its fragments, Pt7, Pt5Mo2 and Pt3Mo4, each
in its corresponding lowest energy configuration, were considered.

All possible

adsorption conformations were obtained on each of these nano-catalysts, and the
complete

minimum

energy paths

for

various

possible

dehydrogenation

and

dehydroxylation reactions were mapped out for the three lowest energy catalyst-reactant
complexes. This was done by performing constrained energy minimizations on grids of
C-H, O-H, and C-OH distances. Further refinement of the transition states were obtained
by using the structures of the highest energy configuration along the grid-based minimum
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energy paths as inputs for the so-called mode-following procedure as implemented in
NWChem [47]. The transition states were verified by normal mode analysis and through
their connectivity to the reactants and products of interest. Although the size of the nanocatalysts considered in computations was smaller than those explored experimentally, it
allowed for elucidation of the global and generic qualitative effects of the nano-catalyst
composition (pure Pt vs. mixed Pt-Mo).
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CHAPTER 3. PRODUCT SELECTIVITY AND STRUCTURAL
CHARACTERIZATION OF A PLATINUM/MOLYBDENUM BIMETALLIC
AQUEOUS PHASE REFORMING CATALYST

3.1

Introduction

A carbon supported PtMo bimetallic catalyst was investigated for the generation of
hydrogen from glycerol, a biomass model compound with the 1:1 C:O ratio similar to
that in biologically derived sugars. Glycerol undergoes similar reactions to sugars but
with a lower number of intermediate products [22]. In this paper, a Mo modified Pt/C
catalyst was chosen as the representative promoted reforming catalyst. Reaction products
and kinetics were determined under plug-flow, liquid-phase reforming conditions to
determine the product yields, selectivity, and major reaction pathways. The catalyst was
characterized by Transmission Electron Microscopy (TEM), X-ray Photo-electron
spectroscopy (XPS), controlled environment and operando X-ray Absorption
Spectroscopy (XAS), and Density Functional Theory (DFT) studies to elucidate the
active form of the catalyst. The results indicate that nanorparticles with a bimetallic Ptrich core and a Mo-rich surface are formed. Approximately 25% of the surface atoms are
Pt, and the catalysts contain additional Mo oxide.

While significant hydrogen is

produced, cleavage of C-OH bond leads to formation of partially deoxygenated liquid
products and light alkanes, primarily CH4.
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3.2
3.2.1

Results

Glycerol Reforming Kinetics

Conversion of glycerol to hydrogen was performed to determine the effect of conversion
on product distribution. Analysis of the gas phase effluent indicates that H2, CO2, and
CH4 are the predominant gas products. Rates of production for these compounds are
given in Table 3.1. Trace amounts of CO were observed in a few samples, but in general
the yields were not large enough to be quantified. At conversion up to about 25%, the
rate of production of CO2 was higher than the production rate of CH4. H2 rates were a
factor of 1 to 1.5 higher than the CO2 production rates. Production of CO2 (oxidation of
the carbon atom) indicates a pathway towards H2 production, whereas the CH4
production (reduction of the carbon atom) pathway consumes hydrogen, reducing the H2
yield. Thus, the CO2/CH4 ratio can be a measure of selectivity for hydrogen production.
It was also observed that higher conversions resulted in the decrease of production rates
for the gas phase products. Previous studies [6] indicate that an increase in hydrogen
partial pressure inhibits the reaction. As conversion increases, additional hydrogen is
generated in the reactor, increasing the effective hydrogen partial pressure, and lowering
the turnover rates at higher conversions.
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Table 3.1
Production rates of gas phase products from glycerol reforming as a
function of conversion
Turnover Rates (10-3s-1)
Molar Ratios
WHSV
Conversion
H2
CO2
CH4
H2/CO2 CO2/CH4
(hr-1)
0.5%
95
1.2
1.3
0.1
0.9
9.7
5%
39
8.3
6.9
0.0
1.2
-8%
16
11.4
7.5
2.3
1.5
3.3
21%
4
5.1
5.1
0.9
1.0
5.6
26%
1
0.9
1.7
0.3
0.5
6.6

Products identified in the aqueous phase effluent include ethylene glycol, hydroxyacetone,
propylene glycol, 1- and 2-propanol, acetone, propionaldehyde, ethanol, acetaldehyde
and methanol. All products were observed at all conversions, even at conversions of less
than 1%.

The major liquid products, in order of decreasing concentration, were

propylene glycol > hydroxyacetone > ethylene glycol. All other observed products were
detected at less than 5% of the total product carbon (Table 3.2).

The reactant glycerol

molecule contains C–OH groups on all 3 carbons of the backbone. Some of the identified
intermediates have undergone C–OH bond cleavage yielding C-H bonds in the place of
the hydroxyl group and water. Products with carbon numbers less than three were also
formed, indicating C-C bond scission. Thus, it is observed that the PtMo/C catalyst can
catalyze both C-C and C-OH bond breaking reactions.
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Table 3.2
phase

Carbon percentages of gas and liquid reaction products in gas and liquid

Effluent
phase
Product
CO
Gas
CO2
CH4
Acetaldehyde
Propionaldehyde
Acetone
Methanol
2-Propanol
Ethanol
Liquid
1-Propanol
Hydroxyacetone
Propylene
Glycol
Ethylene Glycol

Carbon selectivities at various glycerol
conversions
<1%
5%
8%
21%
26%
0%
0%
0%
0%
0%
12%
21%
28%
32%
34%
1%
0%
8%
6%
5%
0.2%
0.1%
0.07%
0.01%
0.01%
0.06%
0.02%
0.01% 0.002% 0.001%
2%
1%
1%
2%
2%
0.4%
1%
1%
0.3%
0.3%
1%
1%
1%
3%
5%
2%
4%
2%
4%
3%
3%
2%
1%
3%
3%
37%

15%

13%

4%

2%

34%
7%

40%
14%

35%
11%

42%
5%

42%
4%

To better understand the constituent reactions, the products were grouped by number of
bond cleavages. Primary products were defined as those which had undergone a single
C–OH or C–C bond scission (ethylene glycol, propylene glycol, hydroxyacetone);
secondary products were defined as primary products that had undergone subsequent
cleavage to break additional C–C or C–OH bonds (1- and 2-propanol, acetone,
propionaldehyde, ethanol, acetaldehyde and methanol); and gas products were considered
final reaction products. At low conversions (Figure 3.1), primary products dominate the
carbon selectivity, with smaller amounts of gas and secondary products. At higher
conversions, selectivity to primary products decreases, while the selectivity to gas
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increased. Secondary product concentrations remained low relative to the primary and
gas products at all conversions.

Figure 3.1
Carbon selectivity by number of bond scissions to primary (blue diamond),
secondary (red square), and gas phase (green triangle) products as a function of glycerol
conversion. Measurements made at 230 °C, 30 bar, 30 wt% aqueous glycerol and WHSV
between 1 hr-1 and 100 hr-1.

Products were also grouped by the type of bond scission observed. Products that undergo
only C–C bond scission (ethylene glycol, methanol) were classified as C–C scission
intermediates. Products resulting from a C–OH bond scission leading to a saturated
hydrocarbon fragment (hydroxyacetone, propylene glycol, 1- and 2-propanol, acetone,
propionaldehyde, ethanol, and acetaldehyde) were classified as C–OH scission
intermediates. The C–OH scission products dominated the carbon selectivity of the
liquid products at all conversions (Figure 3.2), accounting for the majority of the reacted
carbon (>50%); while selectivity to C–C scission products remained low (<5%). The
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remaining reacted carbon was contained in the gas products as CO2 and CH4 where
selectivity to CO2 (~30%) dominated over that of CH4 (~5%). These differences in
selectivity are indicative of different relative rates of reaction between intermediates
formed by C–OH scission versus those formed by C–C scission.

Previous literature [3] on reforming suggested the possibility of a reaction pathway
leading to the formation of carboxylic acid compounds. However, acid products were not
observed.

Measurements of several liquid effluent samples at varying conversions

yielded pH readings of around 5. The concentration of several likely acid species (formic,
acetic, propionic, lactic, glyceric acids) were calculated at this pH level, and the
concentrations required to achieve a pH of 5 were on the order of 1 ppm, which is at least
one order of magnitude lower than the other identified products. We conclude that few
acid products are formed during aqueous phase reforming of glycerol by the PtMo/C
catalyst.
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Figure 3.2
Carbon selectivity by bond scission type to CxOxHy products (blue
diamond), R-CH3 products (red square), CO2 (green triangle), and CH4 (purple circle) as
a function of glycerol conversion. Measurements made at 230 °C, 30 bar, 30 wt%
glycerol and the WHSV was varied between 1 h-1 and 100 h-1.

3.2.2

Catalyst Characterization

3.2.2.1 Transmission Electron Microscopy
Transmission electron micrographs for the PtMo/C catalyst were obtained before and
after reaction (Figure 3.3 a-d). Analysis of the images indicates an average size of the
fresh catalyst was 2.0 ± 0.5 nm, with 11% of the particles larger than 3 nm. There is an
increase in size of the nanoparticles after glycerol reforming (Figure 3.3c,d and in the
histogram, Figure 3.4) indicating that the nanoparticles sinter, at least slightly, under the
reaction conditions. The average particle size increases to 5.1 nm for the used catalyst.
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Figure 3.3
Transmission electron micrographs of the catalyst of different areas before
(a, b) and after reaction (c, d).
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Figure 3.4
Particle size distributions (solid red) and after (hatched black), determined
by counting and measuring particles with the ImageJ software package. The number of
metal particles used for the histograms were 111 and 64, for the sample before and after
reaction, respectively.

3.2.2.2 X-ray Absorption Spectroscopy
The Pt LIII and Mo K-edge X-ray absorption spectra measured in a helium atmosphere
after reduction in hydrogen were used to determine the structure of the catalyst. The Pt
LIII edge XANES spectrum of the PtMo/C catalyst (Figure 3.5a) exhibits observable
differences in its shape compared to that of Pt foil, which are indicative of bimetallic
nano-particles. For example, there is a shift of about 0.4 eV in the leading edge and
position of the first peak in Figure 3.5a. The edge energy (Table 3.3), which is given by
the energy of the 1st inflection point, shows that although there is a small shift in the
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XANES shape of the PtMo/C catalyst, the position is not significantly different from that
of Pt foil, 11.5640 verses 11.5641 keV. Also, the intensity of the first peak of the
PtMo/C XANES spectra (ca. 11.656 keV, Figure 3.5a) is very similar to that of Pt foil
indicating that the Pt is fully reduced.

The Fourier transforms (FT) of the Pt LIII edge EXAFS spectra are shown in Figure 6a for
Pt foil and the PtMo/C catalyst. Differences in the magnitudes and imaginary parts (not
shown) of the FT indicate scattering from elements other than Pt in the PtMo/C sample.
The fit parameters (Table 3.3) show a Pt–Pt contribution with a coordination number of
8.7 at an interatomic distance of 2.76 Å, which is similar to that in Pt foil (2.77 Å).
Additionally there is a Pt–Mo contribution at 2.74 Å with a coordination number of 2.0.
The Pt-Mo bond distance is consistent with that of metallic Mo atoms directly bonded to
Pt. The results indicate that the composition of the PtMo nano-particles is Pt-rich.

The Mo K-edge XANES of Mo foil, MoO3, MoO2 references and the PtMo/C catalyst are
shown in Figure 3.5b. The energy of the Mo K-edge XANES spectra characterizing the
PtMo/C (Figure 3.5c) is slightly shifted to higher energy by about 2.1 eV compared to
the edge position of Mo foil, but 11.6 eV lower than MoO2 (Table 3.3). This result is
generally consistent with a mixture of Mo states, which includes the presence of zero
valent Mo alloyed with Pt.
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Figure 3.5
a. Pt LIII XANES (11.54 11.59 keV) of Pt foil (dashed black) and PtMo/C
catalyst (solid red) reduced at 450 °C, b. Mo K-edge XANES (19.97 to 20.04 keV) of
MoO3 (dashed-dotted blue), MoO2 (dotted green) and Mo foil (dashed black) and PtMo/C
catalyst (solid red) reduced at 450 °C, c. the 1st derivative of Mo K-edge XANES for
PtMo/C (solid red) and Mo foil (dashed black).
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Table 3.3
Fit of the Pt LIII and Mo K-edge XANES and EXAFS for Pt and Mo
standards and the reduced PtMo/C catalyst and under operando glycerol reaction
conditions.
Sample

Treatment/
scan conditions

Edge
energy
(keV)

H2 450 °C/ He
Pt/C
RT
H2 450 °C /He
PtMo/C
RT
H2 450 °C, H2O
PtMo/C
230 °C
H2 450 °C /
glycerol
reforming
PtMo/C
230 °C

11.5640
11.5640

Pt Foil

11.5641
11.5640

11.5641

N

R (Å)

∆σ2
(Å2)

Eo
(ev)

Pt Edge
Pt–Pt

12

2.77

0.000

-1.1

Pt–Pt

6.5

2.72

0.002

-3.0

Pt–Pt
Pt–Mo
Pt–Pt
Pt–Mo

8.7
2.0
8.3
1.9

2.76
2.74
2.75
2.74

0.002
0.002
0.006
0.006

-3.0
9.1
-1.9
8.8

Pt–Pt

10.1

2.76

0.006

-0.5

Pt–Mo

1.8

2.74

0.006

8.1

Mo–Mo

8

2.76

0.000

1.8

Mo–O
Mo–Pt
Mo–O
Mo–Pt

1.6
2.0
1.6
6.0

1.99
2.76
1.98
2.75

0.001
0.002
0.001
0.006

-13.4
-6.0
-14.0
-6.5

Mo–Mo

1.9

2.75

0.006

-5.7

absorber–
backscatterer

Mo Edge
Mo
Foil
MoO2
MoO3
PtMo/C

PtMo/C

-

20.0000

H2 450 °C /He
RT
H2 450 °C /
glycerol
reforming
230 °C

20.0137
20.0170
20.0021

20.0012
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Figure 3.6
Magnitude of k2-weigthted Fourier transform of EXAFS data of: a. Pt LIII
Edge of Pt foil (dashed black) and PtMo/C catalyst reduced at 450 °C (solid) ( ∆k = 2.712.0 Å-1 and ∆R = 1.7-3.2 Å), b. Mo K-edge of Mo foil (dashed black) and the PtMo/C
catalyst reduced at 450 °C (solid red) (∆k = 2.7-12.0 Å-1 and ∆R = 1.7-3.2 Å). All data
was collected at room temperature.

37
Comparison of the EXAFS spectra of Mo foil and PtMo/C catalyst (Figure 3.6b)
indicates the presence of scatters corresponding to both metallic atoms and Mo oxide.
The fit of the Mo edge EXAFS (Table 3.3), indicates that the metallic peaks in the
reduced catalyst were relatively small and included only a Mo–Pt contribution at 2.76 Å
with a coordination number of 2.0. Again the Mo-Pt bond distance is consistent with that
of metallic Mo and Pt atoms. Moreover, the low metal–metal coordination numbers
suggest that the Mo is located at the surface of the particles. Attempts include a Mo-Mo
scattering path gave poor fits. This indicates that no Mo–Mo interaction is present within
the error of the measurements. Additionally, there was a Mo–O contribution at 1.99 Å
with a coordination number of 1.6, likely from the presence of Mo oxide. The bond
distance is characteristic of Mo-O single bonds. The low average Mo-O coordination
indicates that not all Mo in the particles is in the form of MoO2 or MoO3, but rather a
mixture of Mo states.

The Pt-Mo (and Mo-Pt) bond distance is equal to the sum of the atomic radii of the two
atoms consistent with a metallic PtMo nano-particle. If the Mo were present at the
surface of the Pt NP as an oxide, the surface Mo would be bonded to Pt through a
bridging O atom resulting in a longer Pt-Mo bond distance. The Mo oxide phase present
in the catalyst, therefore, likely is present as a separate phase distant from the PtMo nanoparticles; although the location of the Mo oxide phase cannot be determined by XAS.
From the high Pt-Pt, low Pt-Mo, moderate Mo-Pt and low Mo-Mo coordination numbers
the structure of the PtMo nano-particle likely has a Pt-rich core with a Mo-rich surface.
This is an idealized average structure, however, and does not provide specific information
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about the fraction of surface occupied by Pt and Mo. The fraction of surface Pt was
estimated by comparison of the PtMo/C XANES with adsorbed CO to that of Pt/C with
particles of similar size. Adsorption of CO on Pt leads to a shift in the edge energy and
change in the shape of the XANES. These changes are proportional to the amount of
adsorbed CO [48]. Thus, a comparison of the amount of CO adsorbed on PtMo/C to that
of a Pt nano-particle of the same size provides an estimate of the fraction of surface Pt in
the bimetallic nano-particles. The advantage of XANES spectroscopy is that it is specific
only to the amount of CO adsorbed on Pt and is independent of the amount of CO
adsorbed by the second metal. The Pt LIII edge XANES spectra of PtMo/C and Pt/C with
and without CO are shown in Figure 3.7a and 3.7b. Both samples have average particle
sizes of about 2 nm (as determined by TEM), or about 50% surface atoms. The spectra
show that CO adsorption (dotted spectra) leads to smaller changes in the XANES
spectrum of PtMo/C (Figure 3.7a) relative to that of Pt/C (Figure 3.7b). This can also be
seen from the smaller size of the ∆XANES (Figure 3.7c) for PtMo/C. The Pt XANES
with adsorbed CO indicates that there is some surface Pt in the PtMo/C catalyst; however,
the Pt surface coverage is lower than on a monometallic Pt nanoparticle of similar size.
There is also a shift in the energy of the ∆XANES, which is due to the change in the
shape of the XANES of the PtMo bimetallic nano-particles (Figure 3.5a). The ∆XANES
of Pt/C was used to fit the ∆XANES of PtMo/C and indicates that the fraction of surface
Pt is approximately 25% (thus, the fraction of surface Mo atoms is 75%) that of the Pt/C.
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Figure 3.7
Pt LIII XANES spectra (11.54 – 11.59 keV) before (solid) and after (dotted
line) CO adsorption: a) Pt/C (2.1 nm), b) Pt-Mo/C (2.3 nm) catalysts, C) ∆XANES
spectra (11. 54 – 11.59 keV) of Pt/C (black) and PtMo/C (red) (∆XANES = spectra with
adsorbed CO minus that in He).
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3.2.2.3 X-ray Photoelectron Spectroscopy
The XAS spectra indicate that the bimetallic PtMo catalyst contains fully reduced Pt and
partially reduced Mo. Mo 3d and Pt 4f XPS spectra characterizing PtMo/C before and
after reduction (Figures 3.8 and 3.9) were obtained to quantify which oxidation states are
present in the catalyst. Table 3.4 gives the binding energies obtained from deconvolution
of the peaks. In the passivated sample (before reduction), the Mo was fully oxidized, i.e.,
Mo6+. However, after reduction, the Mo is present in a mixture of oxidation states from
Mo6+ (~50%), Mo4+ (~20%) and an unknown lower-valent state, Mox+ (~30%).
Comparison to the literature does not give a unique assignment for Mox+. A correlation
developed by Choi and Thompson [49] for reduced bulk MoO3 and MoO2 shows good
agreement with an assignment of x=3. However, XPS studies of PtMo alloys [50, 51]
show that alloying raises the binding energy of Pt relative to that of the pure metal and
that the Mo 3d5/2 line can have energy ranging from 227.6 eV to 228.2 eV, depending on
composition [51]. Reference [50] reports a value of 227.3 for a composition near Pt3Mo.
To remove the complications of reference energy or sample charging, we use the
difference in binding energy between the Mo 3d5/2 and Pt 4f7/2 lines. Our measured value
of 156.9 eV agrees exactly with that of that for Pt3Mo [51], but is 1 eV higher than the
155.9 eV value from [50] for that alloy. When considered in light of the XAS data, we
can assign species corresponding to Mo 3d5/2 = 228.2 ev to Mo at or in the surface of the
Pt metal particles. This would account for both the low average Pt-Mo coordination and
the low average Mo-Pt coordination determined from the Pt and Mo edges. To match the
Mo XANES, we assign the interfacial Mo as metallic (i.e. a surface alloy) but cannot rule
out the possible influence of a second layer containing Mo.
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Figure 3.8
XPS spectra of Mo 3d region (Mo+6, dashed/dotted blue; Mo+4, dotted
0
green; Mo , dashed orange) for the PtMo/C catalyst (a) before reduction and (b) after
reduction under H2 at 300°C.

Figure 3.9
XPS spectra of Pt 5f region (Pt0, dashed orange; Pt+4 dashed/dotted blue)
for the PtMo/C catalyst (a) before reduction and (b) after reduction under H2 at 300°C.
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Table 3.4
reduction

3d and Pt 4f binding energies for the PtMo/C catalyst before and after
Binding Energy (eV)
Component

Passivated

Reduced

Mo6+3d5/2
Mo4+ 3d5/2
Mo3+ 3d5/2

232.3
-

232.0
229.7
228.6

Pt 4f7/2
Pt2+ 4f7/2

71.8
72.9

71.7
-

Prior to reduction, the catalyst also has small amounts of oxidized Pt+2 (~10%). Thus,
despite air exposure in the passivated catalyst, the majority of Pt is metallic Pt. After
reduction, Pt reduces completely to Pt0. We note that the Pt 4f7/2 line assigned to Pt0
about ~0.8 eV higher than that found for a Pt single crystal [52]. The presence of three
Mo states, including Mo6+ and Mo4+, and the Pt0 state in the reduced catalyst is consistent
with the average oxidation state estimated by XANES and EXAFS.

3.2.2.4 Operando X-ray Absorption Spectroscopy
Although the characterization of the reduced sample indicates the formation of bimetallic
PtMo nano-particles with a Pt-rich core and Mo-rich surface, the structure may be
significantly different under glycerol reforming conditions. Thus, operando XAS studies
were carried out to study the structure of the catalyst during aqueous phase glycerol
reforming.

After reducing the catalyst, the XAS spectrum was obtained at room temperature in a He
atmosphere. Additional scans were performed after the reactor was filled with water and
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pressurized to 30 bar. The reactor was heated to the reaction temperature (230 °C), and a
third XAS spectrum was obtained under reforming conditions.

At the Pt LIII edge, the

edge energy and EXAFS fits (Table 3.3) were very similar to the structure at lower
temperature, i.e., the structure in 30 bar H2O at 230 °C was not different from that
measured at RT in He. During operando glycerol reforming, the edge energy at the Pt
LIII remained unchanged (11.5641 keV), indicative of metallic Pt. The shape of the
XANES was also very similar to that of the reduced catalyst (not shown), indicative of
the bimetallic nanoparticle formation. A noticeable change in the k2-weighted magnitude
of the Fourier transform (Figure 3.10a) can be observed under reaction relative to that of
the reduced sample in H2O at the same temperature. The fits of the EXAFS data (Table
3.3) indicate that the Pt–Pt coordination number has increased from 8.3 in the reduced
sample, to 10.1, consistent with the increase in the nanoparticle size observed by TEM of
the used catalyst. Despite the increase of the Pt–Pt coordination, no appreciable change
was seen in the Pt–Mo contribution.
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Figure 3.10 Magnitude of k2-weigthted Fourier transform of EXAFS data of: a. Pt LIII
edge of PtMo/C catalyst reduced at 450 °C (solid red, data taken at 230 °C) and catalyst
under glycerol reforming reaction at 230 °C (dashed/dotted blue) (∆k = 2.7 - 12.0 Å-1 and
∆R = 1.7 - 3.2 Å), b. Mo K edge of PtMo/C redcued at 450 °C, scanned at RT (solid red)
foil (dashed black) and the PtMo/C catalyst in operando at 230 °C (dashed/dotted blue)
(∆k = 2.7 - 12.0 Å-1 and ∆R = 1.7 - 3.2 Å).
Additionally, changes to the structure were observed at the Mo K edge. Figure 3.11
shows the Mo XANES for Mo foil, the reduced catalyst and the catalyst under glycerol
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reforming. The XAS edge energy (20.0012 keV) is shifted to slightly higher energy than
Mo foil and lower than that of the reduced sample (20.0021 keV), perhaps indicative of a
more Mo-rich metallic phase during reaction. At slightly higher energy, there is also a
significant change in the shape of the Mo XANES suggesting a modified structure
compared to the reduced catalyst. The fit of the Mo EXAFS (Table 3.3) of PtMo/C in
operando indicates an increase in the Mo–Pt coordination number from 2.0 to 6.0 and the
presence of a Mo–Mo contribution at 2.75 Å (compared to the reduced catalyst where the
Mo-Mo coordination was not observed). As in the reduced sample, there remains a Mo–
O contribution with about the same coordination number and bond distance suggesting
that the Mo oxide phase is not changed under the reaction conditions.

These changes to the PtMo nanoparticle structure occurred during the first 24 hours of
operation. Due to the larger particle size and high Mo surface coverage during glycerol
reforming, we were unable to measure the fraction of surface Pt under reaction conditions
by adsorption of CO. The Pt and Mo XAS indicate the basic structure of the bimetallic
nano-particle is similar immediately after reduction and in operando, but that the
particles sinter slightly under reaction. At the Pt edge, the high Pt–Pt coordination
number is consistent with a Pt-rich core, while the larger coordination of Mo–Pt
compared to Mo–Mo suggests that much of the Mo is at or in the near surface region of
the nano-particle.
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Figure 3.11 Mo K-edge
edge XANES ((19.97
19.97 to 20.04 keV) of Mo foil (dashed
(
black),
PtMo/C catalyst reduced at 450 °C (solid red),
), and PtMo/C catalyst during operando
op
glycerol reforming at 230 °C (dashed/dotted blue).

Based on all of these characterizations a representation of the catalyst structure is shown
in Figure 3.12.

Figure 3.12 An idealized structure of the PtMo/C catalyst based on the TEM, XAS and
XPS characterizations. The atoms are Pt (orange), Mo (blue), and oxygen (red).
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3.2.3

Computational Results

Homogeneous clusters of any element can form a large number of locally stable
geometric structures (isomers). In the case of inhomogeneous (e.g., bimetallic) clusters,
the number of possible equilibrium conformations is further increased by the fact that
each isomer gives rise to, in general, a large number of secondary structures (called
homotops [53-55], which differ by the placement of the atoms of the component elements
between the sites of a given isomeric form. For Ptn, n=2-7 and 13, we have identified
more than 70 different isomeric conformations. For each cluster size, a number of low
energy structures (e.g., 7 Pt7, 5 for Pt13) was selected as template geometries, in which Pt
atoms were replaced by Mo atoms. Various possible homotopic substitutions were
considered. After the substitutions the structures of the formed mixed PtMo clusters were
re-optimized.

Figure 3.13 shows the most stable configurations of Ptn and Ptn-mMom, n=2-7 and 13,
m=2. Their binding energies per atom are displayed in Figure 3.14. The results indicate
that the average strength of bonding increases with the size of the clusters and that
admixing of two Mo atoms to the Pt clusters leads to an increase in their binding energy,
i.e., to their stabilization. A similar trend is obtained for any m ≤ n/2, and the degree of
stabilization increases with the number of Mo atoms.
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Figure 3.13
Mo, blue).

Most stable configurations of Ptn and Ptn-2Mo2, n=2-7 and 13 (Pt, orange;

Figure 3.14 Binding energies per atom (BE) of the most stable configurations of Ptn
and Ptn-2Mo2, n=2-7 and 13.
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Another aspect of interest is a comparative evaluation of the Pt-Mo and Pt-Pt bond
lengths (nearest neighbor distances) in PtMo nanocatalysts. We have addressed it through
the optimized structures of two homotops of the cuboctahedral Pt43Mo12 with the 12 Mo
atoms in the surface and in the interior of the particle, respectively (Figure 3.15). In the
case of Pt43Mo12(surface), the average Pt–Mo bond length is 2.59 Å, whereas that for Pt–Pt
is 2.80 Å. In the case of Pt43Mo12(core), the corresponding values are 2.74 Å and 2.72 Å,
respectively. It is of interest and value for future experiments to note the difference in the
relative average Pt-Mo and Pt-Pt bond lengths as defined by surface versus interior
locations of the Mo atoms. The characteristic values of the bond lengths for the
cuboctahedral Pt43Mo12 evaluated as (weighted by the number of the corresponding
bonds) averages over the two homotops considered here (there are, of course, many more)
are 2.68 Å for Pt-Mo, and 2.77 Å for Pt-Pt. These values are in semiquantitave agreement
with the corresponding measured data listed in Table 3.3.

We have also explored the issue of homotopic stability of the mixed PtMo nano-catalysts
or, alternatively, of the energetically preferred occupation sites for the Mo dopants. In
Figure 3.15 we show the structures and the binding energies of the optimized
cuboctahedral Pt55 and two homotops of the cuboctahedral Pt43Mo12: Pt43Mo12(core) and
Pt43Mo12(surface). Neither of these two homotops may be the actual lowest energy
conformation of Pt43Mo12, but comparison of their binding energies indicates that the
homotop with the higher coordination of the Mo atoms to Pt atoms (Mo in the core) is
more stable than the homotop with Mo in the surface. Therefore, based on purely
energetic considerations and assuming that the mixed PtMo nano-catalysts are
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synthesized from Pt and Mo atoms, one can expect that the low energy conformations of
these nanocatalysts have Mo enriched interiors. However, the details of the synthesis
process in general, and of the identity of the precursors in particular, may lead to
alternative structures (see the discussion in subsection 3.3.2).

Figure 3.15 Structures and binding energies of cuboctahedral Pt55 (BE = 4.444
eV/atom), Pt43Mo12(core) (BE = 4.864eV/atom), and Pt43Mo12(surface) (BE = 4.436
eV/atom) (orange, Pt; blue, Mo).
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3.3
3.3.1

Discussion

Glycerol Reforming

The liquid and gas products (Table 3.2) are consistent with reaction pathways in which
both C–C and C–OH bonds are broken. The final products include CO2, CH4 and H2.
Formation of CO2 and CH4 involve the cleavage of C–C bonds, however, formation of
CH4 likely involves the loss of a C–OH bond prior to cleavage of the C–C bond. There
are two likely pathways for C–OH bond breaking. One possible reaction pathway is the
acid catalyzed dehydration by either the support or metal oxide phase followed by
hydrogenation of the resulting olefin on a metal site. The second pathway for loss of C–
OH bonds is metal catalyzed hydrogenolysis. Both pathways consume one H2 molecule,
forming one mole of H2O and a saturated carbon, CH2 or CH3, in the liquid products. Mo
oxide has been demonstrated to be a relatively strong acid catalyst in PtMo systems [56],
and can catalyze dehydration reactions through Brønsted acidity of the hydroxylated
surface Mo. The presence of these species is consistent with spectroscopy results which
indicate an oxidized Mo phase during reaction. Additionally, Pt is known to catalyze COH hydrogenolysis [57]. Determining the contribution of each of these pathways to the
production of molecules with saturated carbon fragments in glycerol reforming will be
reported in greater detail in future work. Regardless of which reaction is dominant, loss
of a C–OH group consumes one of H2. Cleavage of the R–CH3, for example, also
consumes one additional mole of H2 upon formation of CH4.

The formation of CO2 likely results from dehydrogenation of the C–OH bond to an
aldehyde or ketone (with formation of H2) followed by C–C bond cleavage of the
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carbonyl group [58]. Trace amounts of CO were observed in the gas products, in contrast
to previous studies of atmospheric pressure, vapor phase reforming in which CO and H2
were the primary products [9, 19]. We suggest that in aqueous phase reforming, the
cleavage of the C–C bond adjacent to the carbonyl carbon produces CO which is strongly
adsorbed on the Pt surface, followed by the conversion of CO to CO2 and H2 through the
liquid phase, water gas shift (WGS) reaction. The water gas shift equilibrium under these
reaction conditions favors the CO2 and H2 due to the high partial pressure of water. The
contribution of WGS in removing CO from the surface could partially explain why
highly active reforming catalysts are also highly active WGS catalysts. Regardless of the
pathway of formation, for each C–OH converted to CO2 there are 2 moles of H2 formed.
The pathways to CO2 and CH4 described here are consistent with those proposed in the
literature [3].

Each mole of CH4 produced consumes two moles H2 and in addition, there is the loss of
two moles of H2 that potentially could have been produced through reforming. Thus,
while the yield of CH4 may be low, it represents a significant reduction to the H2
selectivity and yield. The CO2/CH4 ratio, therefore, can be used as an indicator of the
effectiveness of the catalyst’s H2 selectivity performance. Table 3.5 shows the theoretical
yields of hydrogen for different CO2/CH4 ratios at 100% glycerol conversion to gas.
Theoretical yields are calculated based on the stoichiometry and are independent of the
reaction pathway to form these products. For catalysts with different selectivities, a
continuum of CO2/CH4 ratios is possible. Without added H2, the H2 yield cannot go
below 0, establishing a lower limit on the CO2/CH4 ratio for reforming. For an H2
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selectivity of zero, the CO2/CH4 ratio is 0.71, and any ratio above this will lead to a net
production of H2.

Table 3.5
Possible reaction stoichiometry for complete conversion of glycerol to gas
phase products. Yield of H2 and CO2 vs CH4 data derived from combinations of these
equations were used to develop the correlation between CO2/CH4 and H2 selectivity
presented in Figure 3.16.
mol

mol

mol

CO2

CH4

H2

H2
Yield

CO2/CH4

H2/CO2

C3 H8 O3 + 3H2 O→3CO2 + 7H2

3

0

7

100%

∞

2.3

C3 H8 O3 + 2H2 O→2CO2 +CH4 + 3H2 +H2 O

2

1

3

43%

2

1.5

C3 H8 O3 + H2 O+H2 →CO2 +2CH4 +2H2 O

1

2

-1

--

0.5

--

C3 H8 O3 +5H2 →3CH4 + 3H2 O

0

3

-5

--

0

--

Reaction

Since the H2 selectivity and yield are determined by the amount of CO2 (H2 production)
versus CH4 (H2 consumption), a correlation was developed to predict the H2 yield at 100%
conversion to gas based on the CO2/CH4 ratio from the data in Table 3.5. H2 yield was
calculated for a variety of CO2/CH4 ratios, and the values were fit to an equation:
;

64- = 8 ∗ :4- < + >. Solving for the parameters yields the following equation:
1

64-

BCD FG.HI
= −0.90 ∗ 
*
+ 1.06
BE/

The expected H2 yield and CO2/CH4 ratio as well as the generated fit curve are included
on the plot from the correlation in Figure 3.16.
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Figure 3.16 Correlation for predicting H2 yield from CO2/CH4 ratio; the solid squares
are the experimental data.

The experimental molar product ratios (Table 3.6) indicate that at low and intermediate
conversions, H2 and not CH4 is the dominant product, since the average CO2/CH4 ratio is
6.3 with a corresponding to a H2 selectivity of 65-75%. However, much of the converted
glycerol is contained in the liquid products at these conversions. So while these ratios
indicate a good selectivity at lower conversions, these ratios will likely decrease as
glycerol conversions approach 100%, depending on the composition of the intermediate
liquid products. In particular, at lower conversions, many of the liquid products (e.g.
propylene glycol, ethanol, etc.) have undergone C–OH cleavage to form (saturated) alkyl
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groups. At high conversion these will produce light alkanes, predominantly CH4 with the
loss of H2 yield, and lower CO2/CH4 ratios.

Table 3.6
Experimental H2 selectivity and corresponding CO2/CH4 ratios at low to
intermediate conversions compared to expected H2 selectivity (yield) at 100% glycerol
conversion. The extrapolated yields include expected yields from the liquid products.
Experimental
Extrapolated
Conversion CO2/CH4 H2 Selectivity CO2/CH4 H2 Selectivity
0.5%
9.7
75%
2.6
54%
8%
3.3
65%
3.0
59%
21%
5.6
65%
2.6
55%
26%
6.6
55%
2.4
53%
Average
6.3
76%
2.6
55%

For example, assuming no further loss of C-OH bonds, propylene glycol would yield two
CO2 and one CH4, a 2:1 ratio, which is a lower H2 selectivity than observed at low
conversion in Table 3.1. If liquid intermediate products are included in the potential H2
yield and are extrapolated to 100% glycerol conversion to gas, i.e., all products are
converted to CO2 and CH4, the catalyst’s ultimate selectivity can be estimated. The
results of these extrapolations are presented in Table 3.6, and the expected H2 selectivity
decreases to around 55%. This extrapolation also assumes the best case scenario where
no further C–OH hydrogenolysis occurs on the liquid products. If further hydrogenolysis
occurs, the H2 selectivity and yield will be even further reduced.

3.3.2

Structure of the PtMo Catalyst

The reduced catalyst is best described as 2-3 nm supported bimetallic nanoparticles with
a Pt-core and roughly 75% of surface covered by Mo atoms. Additionally, there is some
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Mo oxide, which has not been fully reduced to metallic Mo. Under reaction conditions,
the particles grow slightly to about 5 nm with subtle changes in the composition,
particularly an increase in the amount of zero valent Mo as evidenced by the addition of
Mo-Mo coordination. Nevertheless, the PtMo nanoparticles retain the Pt-rich core and
Mo-rich surface morphology. This experimental finding for the structure of the PtMo/C
catalyst reduced and under reaction conditions appears to be inconsistent with the
theoretical prediction discussed above, i.e., an interior, not the surface, that is enriched in
Mo. Additional computations reveal the reason for this apparent inconsistency. In the
final step of synthesis of the bimetallic PtMo nanoparticles, the bimetallic product was
formed from Pt oxide and Mo oxide by reduction with hydrogen. While Pt oxide is easily
reduced to metallic Pt via reaction with hydrogen at 300°C, the strongly bonded Mo-O
species (the binding energy of MoO is 5.44 eV [59]) are not reduced to metallic Mo.
Thus, the building blocks in our synthesis are metallic Pt and Mo oxide, rather than
metallic Pt and Mo used in our initial DFT optimization studies. Computations of
structures comprised of Pt atoms and MoO molecules show that it is energetically
preferred for the MoO species to occupy the surface sites of the nanoparticles (Figure
3.17). The optimization moves the MoO units to the surfaces even when they are initially
placed at the interior of the particles. The reason for the experimental observation of Moenriched surfaces in our nano-catalysts is the nature of the precursors, specifically of Mo
oxide. The computational results presented above are obtained for gas phase nanoparticles and, therefore, they do not include the possible support and/or solvent effects on
the structures of these particles. However, the analysis of the role and influence of the
nature and identity of the synthesis precursors in defining the structures of the resulting
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nano-catalysts is general and robust, and it explains why the experimentally observed
structures may not be the energetically most preferred ones.

Figure 3.17 The optimized cuboctahedral structure of Pt43Mo12O12 (Pt, orange; Mo,
blue; O, red)

3.3.3

Implications for the Biomass Reforming Process

It has previously been reported [3, 7] that promoted Pt catalysts produce H2 (with only
trace amounts of CO) by aqueous phase reforming of biomass molecules. The technical
viability of any practical process requires a catalyst with three highly efficient properties,
i.e., selectivity, activity and stability. While the PtMo/C catalyst does make significant
amounts of H2, we estimate that the selectivity at full conversion will be about 50%. The
formation of CH4 is the major by-product, and the H2 would also contain significant
amounts of CO2. For production of H2, the selectivity is likely too low and will need to
be improved. Compositional changes, which may lead to improved H2 selectivity and
yields, are variations in the Mo:Pt ratio, alternative promoters or supports, and changes in
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the active metal. Some guidance to improved compositions may come from the literature
on WGS catalysts. In general, we observe that metals and promoters that are effective for
WGS also are effective for aqueous phase reforming of hydroxylated biomolecules.

Since there are two C-OH bond cleavage pathways, a highly H2 selective catalyst will
require control of two properties, acidity and hydrogenolysis. The selection of metals
with high reforming activity, but low C–OH hydrogenolysis activity is critical to
improving the H2 selectivity, and Pt may not be the optimum metal. While the WGS
literature should provide directions for more active reforming catalysts, since WGS
catalysts produce few light hydrocarbons, it is not obvious which compositions will be
effective for improving the reforming H2 selectivity. We speculate that more H2 selective
reforming catalysts may have compositions similar to those of selective hydrogenation
catalysts, for example for hydrogenation of unsaturated aldehydes. Selective saturation
of the aldehyde gives an unsaturated alcohol and if the metal has high C–OH
hydrogenolysis activity, the yield of desired product will be low. For the latter reaction
Cu is usually much more selective than Ni, for example. Whatever the final catalyst
composition, our results suggest that catalysts with high hydrogen selectivity will have
low selectivity for C–OH hydrogenolysis. An H2 selective catalyst will also have low
acidity, both from the support and metal oxide promoters. High valent and early
transition metal oxides, like Re, Zr and W oxides, etc., often have acidic properties and
can catalyzed alcohol dehydration. While these will increase the glycerol conversion,
they will lead to a decrease in the H2 yield.
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Rather than production of H2 (only), a low capital option for bio-fuel production may be
to develop a catalyst which produces some H2 while simultaneously hydrogenating and
deoxygenating the remainder of the bio-oil to produce (mono) alcohols and hydrocarbons
suitable for fuels. For example, aqueous reforming of glycerol to produce ethanol and
propanol, which are high octane gasoline blending components, may be an attractive
processing option. For such a process it will not only be necessary to produce sufficient
H2 for hydro-deoxygenation (HDO) of much of the biomass, but one must also control
the selectivity to give liquid products with desirable fuel properties. An effective catalyst,
therefore, will reform some molecules, but will also have a low selectivity to
hydrogenolysis of molecules with a single C–OH bond. For whatever catalytic process is
developed, it is essential that one develop catalysts which minimize CH4 production,
since light alkanes reduce H2 and liquid bio-fuel yields.

Effective catalysts must also have sufficient activity to minimize capital costs. The
limited thermal stability of most bio-molecules and the rapid increase in process pressure
with increasing temperature of aqueous solutions limits the ability to increase the rate by
increasing the reaction temperature. While the objective of this paper was not to conduct
a full process variable study, the space velocity required to obtain full glycerol
conversion with the PtMo/C catalyst will likely be less than 1 hr-1. An increase in rate by
10-100 times may be required for a practical bio-mass process; therefore more active
metals and promoters are required. For the PtMo/C catalyst, while this catalyst has
higher rate than Pt alone (a comparison of the performance of Pt/C verses PtMo/C will be
published separately), much of the Pt surface is covered by Mo (75%). The Pt:Mo ratio
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has not been optimized and thus one may be able to get a higher Pt surface area at lower
Mo loading. Second, as the DFT modeling shows, Mo prefers to be at the interior of the
metallic Pt/Mo nano-particles. Therefore, alternative synthesis methods which give a Morich core and a Pt-enriched surface could significantly improve the catalyst activity, by
perhaps as much as 4 times. Finally, more active metals and promoters may also be
possible.

The catalyst stability was not directly determined in this study. However, the catalyst
maintained much of its activity during approximately 30 days of continuous operation.
Post-reaction TEM showed a slight increase in metal particle size from 2 to about 5 nm,
contrary to what has been previously reported by Kunkes et al. [11], who observed that
for a PtRe/C catalyst the particles did not significantly sinter even after reactions under
harsh glycerol reforming conditions. It is not clear if the change in particle size occurs
quickly during the initial stabilization period and then remains constant, or will gradually
decline throughout the life of the catalyst. We also did not evaluate potential catalyst
poisons which may be present in real bio-mass streams. These issues will need to be
evaluated once a catalyst with sufficient activity and selectivity is developed for an
economically attractive process.

3.4

Conclusions

The combination of reaction products, kinetics and catalyst characterization provides
insight not only into the structure and function of the catalyst, but also indicates what
improvements are needed for practical applications.

TEM, XAS and XPS
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characterization of the reduced catalyst indicates the formation of bimetallic PtMo nanoparticles with a Pt-rich core and Mo-rich surface. The fraction of surface metallic Pt
atoms is low, approximately 25%. While the Pt is fully reduced, a portion of the Mo is
present as an oxide. Under reaction conditions, the PtMo nano-particles increase in size
slightly but retain the Pt core-Mo shell morphology. DFT calculations predict that the
energetically most stable PtMo nano-structures have cores enriched in Mo and surfaces
enriched in Pt. The same calculations, however, indicate that nano-particles synthesized
from metallic Pt and Mo oxide precursors will have the MoO units in their surfaces.
Subsequent reduction of Mo oxide leads to Pt in the interior and Mo atoms at the nanoparticle surface. At typical reaction and pretreatment temperatures, the energy barriers
are expected to be too high to permit migration of the Mo to the particle interior.

While the H2 selectivity of the PtMo/C reforming catalyst is high at low conversions, the
formation of liquid products containing saturated carbon atoms indicates the potential
loss in the hydrogen yield. At higher conversion, the current catalyst composition has an
estimated hydrogen selectivity of about 50% or lower, at full conversion of glycerol to
gas products. The loss in hydrogen is due to the formation of CH4 (a low valued product)
and results from cleavage of the C-OH bonds via acid and metal catalyzed reactions. In
addition, the rates are likely too low for an economically viable process. Thus, finding
catalyst compositions with higher activity and increased H2 selectivity is required.
Several suggestions are proposed that might lead to improved catalyst performance.
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CHAPTER 4. THE ROLE OF THE MOLYBDENUM PROMOTER IN A
PLATINUM/MOLYBDENUM AQUEOUS PHASE REFORMING CATALYST

4.1

Introduction

In Chapter 3, a PtMo/C bimetallic reforming catalyst was characterized using x-ray
absorption spectroscopy, transmission electron microscopy, x-ray photoelectron
spectroscopy, density functional theory, and reaction kinetics to understand the active
phase of the catalyst and how Mo changes particle morphology [60]. In this previously
characterized catalyst is compared to its monometallic analog, a Pt/Norit C catalyst, to
understand the affect of Mo on the catalytic activity. In particular, we investigate the
effect of the secondary metal on rates and product selectivity, and combine with
operando spectroscopy and DFT calculations to understand how the electronic and
morphological properties of the catalyst contribute to the changes in activity and
selectivity. Reaction kinetics and operando experiments were conducted in a fixed-bed,
plug flow system, using aqueous glycerol as a model compound feed with a 1:1 C:O
stoichiometry typical of biomass derived carbohydrates. The results indicate that the
addition of Mo increases the rate of reaction, but has an undesired side effect of shifting
product selectivity towards products displaying significant deoxygenation. Spectroscopy
and DFT results indicate that surface Mo plays a key role in the undesired side reaction,
while still having a promotional effect on the overall rate.
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4.2
4.2.1

Results

Kinetic Characterization

Conversion of glycerol in the aqueous phase was studied over both PtMo/C and Pt/C
catalysts. Weight hourly space velocity (WHSV) was varied to investigate the product
distributions as a function of conversion and to probe major reaction pathways. As in a
previous study characterizing the PtMo/C catalyst [60], the products observed were
consistent with both C-OH and C-C bond cleavage reactions. Carbon-carbon cleavage
reactions of oxygenated hydrocarbons result in the formation of CO2 and H2, the desired
products for this reaction, whereas carbon-oxygen bond cleavage results in the formation
of liquid phase species with saturated hydrocarbon fragments (i.e. R-CH3 type
compounds) which require hydrogen to form. Thus, the formation of products resulting
from C-C cleavage reactions leads to the generation of H2, whereas products resulting
from C-OH cleavage reduce hydrogen yields and represent an undesirable side reaction
ultimately leading to the formation of light hydrocarbons.

The major gas phase products identified were H2, CO2, and CH4. CO was not a major
product and was generally only observed in trace quantities; when it was present,
CO2:CO ratios exceeded 100:1. A comparison of turnover rates for hydrogen at similar
conversions (Table 4.1) indicates that the PtMo/C catalyst produces hydrogen at a 4 times
higher rate than the Pt/C at a conversion of 5%. Below 1% conversion, the rates of
hydrogen generation are similar within the range of the error of measurement. At
conversions above 1%, PtMo/C had higher rates than Pt/C. PtMo/C also displayed an
overall increase in glycerol conversion rate at all studied conversions. At conversions up
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to 40%, CO2 was preferentially produced over CH4 (Figure 4.1), withCO2/CH4 ratios (a
measure of pathway selectivity) between 3 and 10 (Table 4.1), indicating a general
selectivity to the hydrogen formation pathway. At conversions below 5%, selectivity to
CO2 and CH4 were nearly equal between Pt/C and PtMo/C. At conversions higher than
5%, Pt/C showed higher selectivity to gas phase molecules compared to PtMo/C (5%
higher CO2 selectivity and 2% higher CH4 selectivity). Despite the differences in
selectivity, both Pt/C and PtMo/C had similar CO2/CH4 ratios at the reported conversions.

Table 4.1
Turnover rate comparisons for Pt/C and PtMo/C catalysts including
glycerol consumption and gas product production rates. Turnover rates are normalized to
surface Pt as determined by CO chemisorption.
TOR / 10-3 s-1
Conversion Glycerol
H2
CO2
CH4
CO2/CH4
0.4%
9.3 6.7
3.7
0.5
7.4
6%
5.8
17
5.9 --Pt/C
12%
3.7 9.9
5.0
1.6
3.0
14%
2.3 5.2
5.6
1.5
3.7
0.3%
17 6.1
6.6
0.7
9.7
5%
37
47
41
2.3
-PtMo/C
8%
41
64
31
2
8.7
21%
17
25
26
4.6
5.6
26%
5.1 4.6
8.3
1.3
6.6
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Figure 4.1
Gas phase carbon selectivity to carbon dioxide (♦) and methane (■) as a
function of conversion comparing the Pt/C catalyst (blue, hollow marker, solid line) to
the PtMo/C catalyst (red, filled markers, dashed line).

A significant portion of reacted carbon was contained in the liquid phase effluent, from
90% at low conversions to 50% at intermediate conversions (the remaining carbon was
converted to CO2 and CH4). Products identified as liquid phase intermediates include
propylene glycol, ethylene glycol, hydroxyacetone, ethanol, 1- and 2-propanol, methanol,
propionaldehyde, and acetaldehyde. Liquid phase products were grouped by the type of
bond cleavage. Those that undergo solely carbon-carbon bond cleavage (ethylene glycol,
methanol) were classified as C-C scission intermediates ([C-C]). Products resulting from
a mixed pathway of C-OH and C-C bond cleavage, or products that have been
deoxygenated (propylene glycol, hydroxyacetone, 1- and 2-propanol, ethanol,
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acetaldehyde, propionaldehyde), were designated as C-OH scission intermediates ([COH]). The products in the liquid phase were generally dominated by [C-OH] products
for both Pt (60-80%) and PtMo (80-90%) catalysts (Table 4-2).

There are also

differences in the liquid selectivity profiles for the Pt vs. PtMo catalyst. As Figure 4-2
demonstrates, the Pt catalyst had a lower selectivity to [C-O] scission products and
generally higher selectivity to [C-C] scission products when compared with the PtMo
catalyst at all tested conversions. This indicates that the addition of Mo shifts selectivity
towards deoxygenation.

Table 4.2
Carbon distribution of [C-C] and [C-O] products in the liquid phase
effluent as a function of conversion.
Conversion [C-C]
[C-O]
0.4%
34%
66%
6%
21%
79%
Pt/C
12%
18%
82%
14%
19%
81%
40%
25%
75%
0.3%
9%
91%
5%
18%
82%
PtMo/C
8%
18%
82%
21%
8%
92%
26%
8%
92%
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Figure 4.2
Overall carbon selectivity to liquid phase products comparing selectivity
to [C-C] products (■) and [C-O] products (♦) as a function of conversion for Pt (blue) and
PtMo (red) catalysts.

4.2.2

Catalyst Characterization

4.2.2.1 Transmission Electron Microscopy
Transmission electron micrographs for the Pt/C catalyst were obtained before and after 6
days under reaction (Figure 4.3). Analysis of the images indicates the average size of the
fresh catalyst was 1.8 ± 0.6 nm, with 11% of the particles larger than 3 nm. After 6 days
on stream under glycerol APR conditions, there is an increase in size of the nanoparticles
(Figure 4.3c-d and in the histogram Figure 4.4). The average size and distribution of the
used catalyst is much larger than in the fresh sample (5.2 ± 4.2nm), indicating that the
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nanoparticles sinter under the reaction conditions. These particles are of similar average
size to those that were observed in the characterization of the PtMo/C catalyst (2.0 ± 0.5
nm fresh, 5.1 ± 3.1 nm [60]).

Figure 4.3
Transmission electron micrographs of the Pt/C catalyst for fresh (a, b) and
used for 6 days on stream (c,d) samples.
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Figure 4.4
Histogram showing changes in particle size distribution for Pt/C catalysts
before and after reaction; fresh (1.8 ± 0.6 nm, solid red) and used (5.2 ± 4.2 nm, hatched
black).

4.2.2.2 X-ray Absorption Spectroscopy of the Reduced Catalyst
The Pt L3 XANES of Pt foil was compared to that of the Pt/C catalyst. Prior to reduction,
the catalyst had small amounts of oxidized Pt, as expected from a passivated Pt particle.
Pt reduces completely to the metallic state (Pt0) upon H2 reduction at 300 °C. The edge
energy, which is determined from the maximum in the first peak of the 1st derivative of
the XANES, suggests no significant edge position shift between Pt/C catalyst and Pt foil.
The white line intensity above the edge of XANES on Pt/C is lower than that of Pt foil
(Figure 4.5), indicating complete reduction of the Pt/C catalyst and nano-particles smaller
than about 3 nm [61, 62].
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Figure 4.5
Pt LIII x-ray absorption near edge spectra from 11.54 to ll.59 keV
comparing the Pt nanoparticles on the reduced Pt/C catalyst (dashed red) to a Pt foil
(solid black).

Additional information on the Pt particle sizes were determined by EXAFS spectroscopy
at room temperature after the catalysts were reduced in 3.5% H2/He at 300 oC for 30 min.
The fit of the Pt-Pt first-shell EXAFS spectra were obtained by a Fourier transform of the
k2-weighted data and are summarized in Table 4.3. Figure 4.6 shows the magnitude of the
Fourier transform (uncorrected phase and amplitude) for representative data of the Pt/C
catalyst and Pt foil. The Pt/C catalyst has a lower peak intensity in the first shell Pt-Pt
distance (between 1.7 to 3.1 Å) compared to the foil. The FT peak size is proportional to
the coordination number [61] and can be used as a measure of particle size, thus allowing
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for the observation of relative particle size during reaction. In addition, there is a shift to
lower R indicating a decrease in the Pt-Pt bond distance for the Pt/C catalyst, a
characteristic of nanoparticles less than about 3 nm [62]. The fit results show that for the
reduced catalyst there is a contraction in the Pt bond distances (2.71 Å) compared to bulk
Pt (2.77 Å), with a Pt-Pt coordination number of 6.1. Assuming spherical nanoparticles
[63, 64], the average particle size was estimated as 1.7 nm for the Pt/C catalyst, in
reasonable agreement with TEM results.

These estimates were based on previous

correlations of the NPt-Pt with dispersion [61].

Table 4.3
Sample

EXAFS fit parameters Pt/C catalysts measured ex-situ and in operando.
Edge energy
(keV)
11.5640

Pt-Pt
N
12

Pt-Pt
R (Å)
2.77

∆σ2
(Å2)
0.000

Eo
(eV)
-1.1

6.1

2.71

0.002

-3.4

8.2

2.72

0.005

-2.5

8.2

2.73

0.005

-2.9

Pt Foil

Treatment and
Scan conditions
As is

Pt/C

Reduced in H2, RT in He

11.5640

Reduced in H2,
glycerol
reforming at
230°C

11.5642

Pt/C

High
Conversion
Low
Conversion
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Figure 4.6
Pt LIII Magnitude of the k2-weighted Fourier transform (∆k = 2.7 - 12.2 Å1
) of the EXAFS for the Pt/C catalyst under different conditions. Pt foil (solid black),
Pt/C (dashed red), Pt/C with high glycerol conversion (dotted green), Pt/C with low
glycerol conversion (dashed/dotted blue)

4.2.2.3 XANES of Catalysts after Adsorption of CO, H2 and H2O
Reactant and product chemisorption cause changes in the Pt LIII XANES spectra and can
be used to determine adsorbed surface species under reaction conditions [48]. Because
the LIII XANES is a 2p to 5d (valence level) transition, the edge energy and shape are
sensitive to changes in the Pt d-orbital electron density due to bond formation. More
specifically, chemisorption of gases, e.g. CO, H2 and H2O, result in different changes to
the shape of the Pt LIII XANES [65]. Thus, changes induced by adsorbed species can be
used to determine their identity. In addition, the intensity of these changes are linearly
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dependent on the amount of the adsorbed species [48]. The advantage of XANES
spectroscopy is that it is specific only to the amount of gas adsorbed on Pt and is
independent of any adsorbates on the substrate or other components in the catalyst. Thus,
the relative coverage of gases (i.e. CO and H2) on the Pt surface under reaction conditions
can be determined from the XANES spectra.

The Pt LIII edge XANES spectra of Pt/C with and without CO and H2 adsorption
(ambient conditions) and water adsorption (230 °C and 26 bar) are shown in Figure 4-7.
Using CO adsorption as a representative example, the whiteline intensity of the XANES
increased after adsorption, and the edge shifts to higher energy (~0.5 eV shift). If one
subtracts the XANES in He from that with adsorbed CO, the difference (or ∆XANES)
isolates changes in shape and intensity of the edge due to CO adsorption. Figure 4-8
shows the ∆XANES spectra for each of the adsorbate standards on Pt/C. Each of the
adsorbed species has a distinct shift in the edge position and XANES shape compared to
the spectra in He.
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Figure 4.7
Pt LIII absorption near edge spectra from 11.54 to ll.59 keV showing the
effects of gas adsorption on the XANES for Pt/C reduced at 300 °C; Pt/C in He (solid
black) and with adsorbed CO (dashed red), H2 (dotted blue), and H2O (dashed/dotted
green, at 230 °C, 26 bar). All spectra recorded at ambient conditions except where noted.

Figure 4.8
∆XANES from 11.54 to l1.59 keV showing the isolated changes to the
XANES caused by CO (dashed red), H2 (dotted blue) and H2O (dashed/dotted green, at
230 °C, 26 bar) adsorption. All spectra recorded at ambient conditions, except where
noted.
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4.2.2.4 XAS of catalysts under reaction condition (Operando XAS)
Operando XAS studies were carried out to study the structure of the catalyst during
aqueous phase glycerol reforming at 30 bar and 230 °C at different space velocities in
order to achieve low and high glycerol conversions. Figure 4.6 compares the magnitude
of the Fourier transform of the Pt LIII edge EXAFS spectra for Pt/C catalyst during
glycerol reforming at high and low conversion. The magnitudes of the FT are smaller
than a Pt foil and similar in size to that of the reduced catalyst. However, the former
were obtained at reaction temperature which lowers the intensity of the magnitude of the
Fourier transform. The fit parameters are summarized in Table 4.3. The fits suggest Pt–
Pt contributions with coordination numbers around 8.2 and an interatomic distance of
2.72 Å for both high and low glycerol conversion. The particle size is estimated at about
3 nm [61], indicating a slight increase in particle size during the first few hours under
reaction.

The Pt LIII XANES spectra of the Pt/C catalyst reduced and scanned in helium and under
glycerol reforming reaction at high and low conversion are shown in Figure 4.9. The
XANES under reaction shares very similar spectra shape and edge position for both high
and low conversions, and both show a positive ~0.2 eV edge position shift relative to the
spectra taken in helium after reduction. The XANES are characteristic of metallic Pt
under reaction conditions.

Figure 4.10 shows the ∆XANES of Pt/C catalyst under

glycerol reforming conditions at high and low conversion along with that for CO
saturation at RT (shown in Figure 4.8). The ∆XANES spectra at both glycerol
conversions are very similar in position and shape to that for Pt/C saturated with CO at
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RT for Pt/C (Figure 4.8), and distinct from that of either H2 or H2O. Thus, although CO
is observed in trace amounts in the gas phase effluent, the XANES spectra indicate it is
the most abundant surface species under reforming conditions.

Figure 4.9
Pt LIII XANES spectra from 11.54-11.59 keV of reduced Pt/C catalyst in
He (solid black) under low (dashed/dotted blue) and high (dotted green) conversions.
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Figure 4.10 Pt LIII ∆XANES spectra from 11.55-11.59 keV for the Pt/C catalysts under
operando conditions at low (dotted green) and high (dashed/dotted blue) conversions; CO
saturated at RT (dashed red).

4.2.2.5 DFT computational results
Density functional theory calculations were performed on the Pt/C and PtMo/C catalyst.
The latter was described in previous work [60] and demonstrated the effects of alloying
on the electronic properties of the nanoparticles. For a monometallic Pt system, three
conformations of Pt55 are shown in Figure 4.11. Their computed binding energies are
245.66 eV, 245.35 eV, and 244.40 eV with preferred spin states of 6, 6, and 5 for the Cs,
Ih and Oh conformations. Figure 4.12 shows three possible topologically different
arrangements for adsorption of two CO molecules on the energetically most stable (of the
three considered) Cs Pt55; the two CO molecules are added in a manner that preserves the
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Cs symmetry. The computations indicate that atop adsorption is the energetically most
favored configuration (Eads=2.62 eV), followed by over an edge (Eads=2.20 eV), and then
over a face (Eads=1.92 eV). The same trend was observed for Pt clusters of other sizes and
structures. The atop arrangement has been found experimentally to be the strongest for
CO adsorption on small Pt clusters [66] and the (111) face of the bulk Pt [67].

Cs

BE (eV/atom): 4.47

Ih

Oh

4.46

4.44

Figure 4.11 Three symmetric conformations and binding energies (BE) of Pt55 (see the
text for details).

Atop

EAds (eV/CO):

2.62

Over Edge

2.20

Over Face

1.92

Figure 4.12 Configurations and energies of atop, over bridge, and over face CO
adsorption on the Cs conformation of Pt55 (orange, Pt; green, C; and red, O).
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The strength of CO adsorption was also used as a descriptor to analyze the effects of
admixing Mo to the Pt in metallic nanoparticles. The studies were performed for various
sizes, structures and composition of pure Pt and mixed Pt/Mo clusters. Figure 4.13
displays the results for the cases of the ico and cubo conformations of the pure Pt55 and
mixed Pt43Mo12. The stoichiometry of the mixed clusters was chosen to allow for
preserving the Ih and Oh symmetries of the corresponding parent Pt55. Both symmetries
allow for two types of replacements of 12 Pt atoms by Mo atoms, which result in
different so-called homotopic forms; the latter differ by the occupation of the sites of a
given geometric structure by different types of atoms at a fixed elemental and percentile
composition [53-55, 60]. The first places the Mo atoms in the interior of the clusters (Mo
forms a 12-atom shell around the central Pt atom), and the second places the 12 Mo
atoms in symmetry-consistent sites on the surface of the cluster. The homotops with Mo
in the interior are more stable than their counterparts with Mo in the surface [60]. This
apparent inconsistency with our experimental results was discussed in detail in our
previous work [60].

In each case, 30 CO molecules have been added to the same 30 surface sites of the ico
and cubo conformations. Inspection of the CO adsorption energies (Figure 4.13) indicates
that the presence of Mo in the 55-atom Pt-based nanoparticles leads to a significant
reduction in the strength of adsorption of CO to the Pt sites, regardless of the location of
the Mo. However, the degree of reduction is larger in the case of homotops with Mo in
the interior. Our analysis reveals that the fundamental reason for the general reduction in
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the CO binding energy is lowering of the density of electronic states in the vicinity of the
“Fermi level” (i.e. the HOMO) caused by admixing Mo to Pt .

Ico

Cubo

Pt55

EAds (eV/CO):

2.14

2.11

1.52

1.72

1.72

1.80

Pt43Mo12(core)

EAds (eV/CO):

Pt43Mo12(surface)

EAds (eV/CO):

Figure 4.13 Configurations and energies of CO adsorption on 30 identical surface Pt
sites for, respectively, ico and cubo conformations of Pt55, Pt43Mo12(core), and
Pt43Mo12(surface) (orange, Pt; blue, Mo; green, C; and red, O).
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The computations also clarify the effects of Mo on the reaction energetics of
dehydrogenation versus dehydroxylation, with dehydrogenation being a representative
reaction for hydrogen generation, as it has been shown that significant dehydrogenation is
required for the desired C-C bond cleavage to become favorable [68]. Figure 4.14
displays the relative energies of the transition states (activation barriers) and the products
for the dehydrogenation and dehydroxylation reactions of C3O3H7 on Pt7, Pt5Mo2 and
Pt3Mo4 nanocatalysts (C3O3H7 was chosen as a prototypical intermediate in glycerol
reforming); in each case, the energy of the reactant C3O3H7-nanocatalyst complex is used
as the reference zero level. As the Mo content of the catalyst increases, the barriers for
both dehydrogenation and dehydroxylation decrease. The degree of the barrier reduction
for dehydroxylation is larger than that for dehydrogenation. These results help to explain
the mechanisms through which Mo changes the activity of Pt nanoparticles by both
mitigation of the CO poisoning and decrease in the activation energy for dehydrogenation
and dehydroxylation. They also indicate that one may expect lower H2 selectivity on the
Mo containing catalysts, which is a consequence of the larger degree of reduction in the
barrier for dehydroxylation than for dehydrogenation.
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Dehydrogenation

Dehydroxylation

Pt7
Pt5Mo2
Pt3Mo4

R

Pt7
Pt5Mo2
Pt3Mo4

TS

P

R

TS

P

Figure 4.14 Energetics of the most facile H and OH removal from C3O3H7 on Pt7,
Pt5Mo2 and Pt3Mo4. R, TS and P stand for reactant, transition state and product,
respectively. The energies of the reactant C3O3H7-nanocatalyst complexes are chosen as
the reference zero

As a final remark, the computational results presented above are obtained for gas phase
nanoparticles, and therefore they do not incorporate support or solvent effects. The
analysis of the consequences of Mo-doping is, however, general and robust, and it helps
explain the experimentally observed improvement in catalytic activity of Mo-doped
metallic Pt nanoparticles compared to their mono-metallic Pt.

4.3

Discussion

Spectra of the Pt/C sample before and after adsorption of CO (Figure 4.7) shows that the
presence of CO influences the Pt L3 XANES features. Since Pt L3 XANES intensity and
position are dependent on the d orbital occupancy, these changes indicate that CO is
chemically bonded. The whiteline intensity increase can be explained as a change in
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partial density of the d state and the d-band due to a charge transfer event, i.e. the partial
removal of d electron density from the metal to the π anti-bonding orbital of CO [69].

During the first few hours under reforming conditions, the EXAFS indicates the Pt
nanoparticles remains metallic, but increases in size from 1.7 nm (ca. 0.6 dispersion) to
about 3 nm (0.3 dispersion) Pt particles. To determine the likely adsorbed species on the
catalyst metal particles under reaction conditions, the ∆XANES spectra of the sample
was compared with the ∆XANES spectra of the same sample with adsorbed CO, H2, or
H2O. Comparing the ∆XANES of the Pt/C catalyst under glycerol reforming reaction
with that of CO adsorption at RT (Figure 4.9), it is observed that the shapes of the
∆XANES are very similar, indicating that the major surface species during reaction is CO,
likely a result of the hydrogen generation pathway described in our previous work [60].
The ∆XANES under reaction is about 0.3 that of CO adsorption at RT and nearly
identical for both conversions. Including the ∆XANES of H2 and H2O in the fits did not
improve the quality of the fit, indicating the coverage of these species are too low to be
reliably estimated. Since the Pt under reaction is a different size than that of the fresh
catalyst, in order to determine the true CO surface coverage, one must account for the
difference in the number of surface atoms. With the increase in size alone, the ∆XANES
would be lower than that in the fresh catalyst. Taking the ratio of the dispersions
(0.6/0.3), the number of surface atoms in the reduced catalyst is twice that under glycerol
reforming. Thus, the true CO surface coverage is about 0.6.
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While the ∆XANES spectrum of Pt/C indicates that CO is the predominant surface
species, similar analysis on a PtMo/C catalyst during reforming [60] did not show a
measurable contribution from CO adsorption, suggesting that any CO present was below
the detection limit. This may be explained by the structure of the PtMo/C catalyst in
which the fractional surface coverage of Pt is about 0.25 versus a similar sized
monometallic Pt particle. In addition, the 2 nm bimetallic PtMo nanoparticles rapidly
sinter to about 5 nm under reforming conditions, further reducing the Pt dispersion.
Density functional theory also indicates that CO is more weakly bond to Pt in the
bimetallic PtMo/C catalyst.

Thus, because of the lower dispersion, low Pt surface

composition, and weaker CO binding (leading to higher rates of water gas shift, see
below), changes to the XANES spectrum by CO adsorption on PtMo catalysts were not
observed.

The addition of Mo to a Pt catalyst causes changes in both rate and selectivity of the
glycerol reforming reaction. In the PtMo particles, the Mo alloys with the Pt, changing
both the structure and electronic properties of the nanoparticles. In particular, DFT
calculations indicate that the addition of Mo to a Pt system decreases the binding energy
for CO on the surface Pt of the catalyst. These differences in CO binding energy help
explain the observed activity differences between the two catalysts. First, a lower CO
binding energy suggests that it is more difficult for the CO to stick on the PtMo surface,
freeing up reaction sites. However, perhaps more importantly, we note that the gas phase
effluent from both catalysts contains negligible amounts of CO (CO2/CO > 100). Thus, it
is unlikely that the decrease in binding energy is simply causing additional CO to desorb
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from the PtMo surface and exit the reactor in the gas phase, leading to the negligible
coverage observed. Rather, we note that CO binding energy is often used as a rate
descriptor for the water gas shift (WGS) reaction [70]. Thus, a decrease in CO binding
energy leads to an increase in the rate of the water gas shift reaction that converts the
surface CO to CO2, removing rate inhibiting CO and freeing up surface sites for reaction.
In-house water gas shift experiments on supported Pt and PtMo catalysts confirm that the
PtMo has a higher gas phase WGS turnover rate than Pt [32].

While the PtMo/C displayed increased glycerol and H2 TORs compared to Pt/C, the
selectivity to intermediate liquid products must also be considered. While the selectivity
ratios in the gas phase, particularly CO2/CH4 ratios, were similar between Pt and PtMo at
the studied conversions, the liquid phase carbon distribution was different. The Pt/C
catalyst had a higher selectivity to [C-C] type cleavage products, whereas the PtMo/C
catalyst had a higher selectivity to [C-O] cleavage products. As these products are
completely converted into gas phase products as conversion approaches 100%, the
PtMo/C catalyst will have a higher selectivity to light alkane products, which will lower
the overall hydrogen yield. In addition, the propensity of the PtMo/C catalyst to catalyze
deoxygenation reactions suggests that at higher conversions the differences in liquid
phase selectivity will increase.

The two catalysts were compared at glycerol conversion below 1% (0.3% for PtMo and
0.4% for Pt) to determine the initial reaction products and study the relative selectivity of
C-C versus C-OH bond cleavage (Figure 4.15). At this conversion level, significant
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differences between the Pt and PtMo catalysts are observed. Considering only the 5 most
abundant species (which at this conversion make up 92% and 96% of the reacted carbon),
the PtMo has a significantly higher selectivity to [C-OH] cleavage compared to Pt/C (79%
versus 57%), whereas the Pt/C catalyst has a much higher selectivity to the [C-C]
cleavage compounds (29% versus 8%). The gas phase products observed below 1%
conversion are predominantly CO2 (and H2). Under these conditions, the selectivity to
CO2 and CH4 are equal (CO2: 12% vs. 12%; CH4: 2% versus 1%; for PtMo compared to
Pt), resulting in comparable CO2/CH4 ratios. At this conversion level, the differences
between the two catalysts are not observable by only measuring the gas phase effluent,
but rather through a complete analysis of all product streams, including the liquid phase
where the differences between C-C and C-O cleavage are observed. In addition, as
conversion increases, the selectivity to gas phase products on Pt/C becomes higher than
for PtMo/C, while maintaining CO2/CH4 ratios between 3 and 6, which suggests that the
Pt/C catalyst better catalyzes reactions that generate gas phase molecules (i.e. C-C bond
cleavage) versus those that generate liquid phase molecules (i.e. C-O bond cleavage).
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Figure 4.15 Comparison of carbon selectivity for various classes of compounds for
Pt/C (solid blue) and PtMo/C (hatched red) catalysts at 230 °C, 32 bar with 30 wt%
glycerol at conversions of at conversions of 0.4 ± 0.1 % (Pt/C) and 0.3 ± 0.02 %
(PtMo/C).

The underlying cause for this increase in [C-OH] cleavage rates is the result of adding
Mo to the Pt nanoparticles. There are two proposed mechanisms for this cleavage
reaction. The first is via an acid catalyzed dehydration of a C-OH group by MoOx
clusters on the carbon support (as proposed in [60], followed by subsequent
hydrogenation.

Supported MoO3 has been demonstrated to have weakly acidic

functionality [71, 72], but experiments on MoOx/C have shown no activity for loss of CO bonds for biomass compounds [56, 73]. Koso et al. [73] have reported activity for C-O
bond cleavage on Rh-Mo and proposed that Mo sits on the surface of a Rh particle. It
was also suggested that the Mo and Rh have a synergistic effect in which the oxygenated
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group adsorbs to the Mo, and the hydrogenolysis occurs with a nearby Rh.

The

selectivity for the PtMo catalyst described here are similar to those on RhMo catalysts
with similar surface configurations, suggesting that the reaction mechanisms for
deoxygenation may be similar. It has also been reported that oxygen binding energy on
the PtMo species is significantly higher than on the pure Pt species [56], which is
consistent with the mechanism proposed by Koso.

Following C-O cleavage, the

deoxygenated species could then be either desorbed (likely as the aldehyde or ketone, as
keto-enol tautomerization generally favors the keto form, i.e. hydroxyacetone) or be
hydrogenated by the Pt to the corresponding alcohol (i.e. propylene glycol). Selectivity
results indicate that as hydrogen partial pressures in the reactor increase, particularly at
higher conversions, the favored products are the hydrogenated species. The keto-species
were a large part of the product distribution at very low concentrations (<1% glycerol
conversion), but decreased significantly as conversion increased and generated higher
hydrogen pressures.

An alternative explanation for the increased C-O cleavage selectivity is the Mo modifies
the electronic properties of the Pt active site. While gas and liquid product distribution of
PtMo/C differs slightly from that of Pt/C, the catalysts operate at similar reaction
temperature, and have comparable TORs and selectivity. While the TOR and selectivity
of Mo is not known, it would be expected to be very different from that of Pt. Thus, in the
bimetallic PtMo where Mo occupies 0.75 of the surface, if the Mo TOR were near that of
Pt, the gas and liquid products would be expected to be significantly different from that
of Pt. The experimental results indicate that the CO2(H2):CH4 ratio, liquid products and
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TOR are more similar, than fundamentally different. The changes in rate and selectivity
suggest that Pt is the active site and the Mo induces changes in the Pt in the bimetallic
PtMo/C catalyst. It is suggested that the role of the Mo, therefore, is to modify the
energy of the Pt-adsorbate bond energy and activation energies, altering its chemistry
rather than to directly participate in the reaction.

Specifically, Mo appears to

preferentially lower the C-O bond cleavage pathway leading to lower H2 yield (and
higher CH4 yield).

The addition of Mo has both positive and negative effects for hydrogen generation
catalysts. The DFT results presented here and in previous work [60] provide a blueprint
for improving future catalysts. The DFT results indicate that the addition of Mo to the
particle, even when it preferentially occupies surface sites, helps to drive down the Pt-CO
binding energy increasing the catalytic activity. DFT calculations also show that for a
PtMo morphology where the Mo segregates to the center of the particle giving a
bimetallic particle with surface Pt only, the Pt-CO binding energy decreases even further.
With the increase in the fraction of surface Pt and the much lower Pt-CO binding energy,
this would be expected to significantly increase the rate over these catalysts. The effect
of this alternate configuration on the selectivity is not known. If the Mo acts as an
oxophilic center as proposed by Koso, then non-surface Mo should promote both the rate
and display selectivities similar to that of monometallic Pt. However, if the Mo is an
electronic Pt promoter, then subsurface Mo might still display high C-O bond cleavage
selectivity and low H2 yield.
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4.4

Conclusions

The TORs and gas and liquid product selectivity for aqueous phase reforming of glycerol
on Pt/C and PtMo/C have been determined. The TORs of PtMo/C are approximately 4
times higher than that of Pt/C at comparable conversions. While at low conversions the
selectivity for H2/CO2 and CH4 are similar for both Pt and PtMo catalysts, but the
partially converted liquid products indicate a higher selectivity to C-O bond cleavage
products, i.e. those with saturated hydrocarbon fragments on PtMo/C catalysts. At higher
conversions these fragments form methane, suggesting that PtMo/C will have lower H2
selectivity as conversion approaches 100%.

Operando EXAFS spectroscopy indicates that the 2 nm Pt/C nanoparticles are metallic
under reaction conditions, and changes in the XANES indicate that CO is the most
abundant surface species despite CO2:CO ratios below 100 in the reaction effluent. The
CO surface coverage for Pt/C is estimated to be about 0.6.

DFT calculations indicate that metallic Mo lowers the Pt-CO binding energy and also
lowers the activation energies for dehydrogenation and C-O bond cleavage. The latter is
more strongly affected leading to an increase in the C-O bond cleavage selectivity and
ultimately lower H2 yields.

Finally, the product selectivity and DFT calculations suggest that the surface Pt atoms are
the active site and the role of the Mo is to modify the electronic properties of the Ptadsorbate bond energies, which lead to the observed changes in TOR and selectivity.
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CHAPTER 5. STRUCTURAL AND CATALYTIC DIFFERENCES BETWEEN
COBALT AND MOLYBDENUM PROMOTERS FOR PT-BASED AQUEOUS
PHASE REFORMING CATALYSTS

5.1

Introduction

In this work, the focus is on understanding the constituent reactions of oxygenated
hydrocarbons within APR, particularly those with characteristics similar to biomassderived sugars, and how to selectively turn these compounds into hydrogen by focusing
on the relationship between materials properties and the catalytic activity. Previously, we
have characterized a PtMo bimetallic reforming catalyst, and concluded that while it
increased the rates of reforming reactions, it had an undesirable side effect of reducing
selectivity due to the presence of surface Mo [60, 74]. Here, we describe the effects of
promoting a multiwalled carbon nanotube (MWCNT) supported Pt catalyst with Co for
hydrogen generation via APR. Multiwalled carbon nanotubes have been shown to be
effective supports for aqueous phase reforming catalysts [20, 21], in addition to being
TEM friendly. Here, we combine X-ray absorption spectroscopy and electron microscopy
characterization with reaction kinetics using glycerol as a model compound to show how
adding Co to a Pt-based reforming catalyst affects particle morphology, reaction rates,
and product selectivity, and to compare the results to those for a Mo promoted Pt catalyst.
We demonstrate that adding Co as a promoter creates bimetallic particles with generally
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Pt rich surfaces and increases the rates of reaction and hydrogen production while
maintaining hydrogen selectivity above 90% at conversion above 60%.

5.2
5.2.1

Results

Glycerol Reforming Experiments

Product distributions for the glycerol reforming reaction were studied over
PtCo/MWCNT, Pt/MWCNT, and PtMo/MWCNT, the latter two being the MWCNT
supported analogs of activated carbon supported catalysts that had been previously
characterized [60, 74]. Glycerol was chosen as a model compound due to its C:O
stoichiometry of 1:1 (typical of many biomass-derived compounds) and simple product
distribution compared to five or six carbon sugar molecules.

The addition of Mo and Co to a Pt-based catalyst caused an increase in the site time yield
(normalized to surface sites measured by CO chemisorption) of glycerol by factors of 4.6
for PtCo and 5.6 for PtMo at a conversion of 1%, indicating a promotional effect of each
of the secondary metals on the reaction (Table 5.1). However, the STY of H2 generation
was lower on PtMo than Pt (4.6 · 10-2 vs. 7.1 · 10-2 s-1) at 1% conversion, whereas PtCo
had a fourfold increase in the H2 STY over the monometallic Pt (28 · 10-2 vs. 7.1 · 10-2 s-1)
at the same conversion. Despite an apparent suppression of the H2 STY, the PtMo had an
increase in the site time yields of H2 generation pathway products CO2 and ethylene
glycol by factors of 2 and 5.5. This difference in promotional effect is the result of
selectivity differences in both liquid and gas phase products between the two catalysts.
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Table 5.1
Reaction site time yields (normalized to CO chemisorption sites) for
MWCNT supported Pt, PtMo, and PtCo, and rate ratios for PtMo/Pt and PtCo/Pt. Site
time yields measured at 230 °C, 32 bar, with WHSV = 110 hr-1. Water-gas shift and
methanation rates were measured at 300 °C with 75 sccm feed of 6.8% CO, 8.5% CO2,
21.9% H2O, 37.4% H2, and balance Ar at atmospheric pressure.
STY Ratios
Site Time Yields/ 10-2s-1
Pt
PtMo
PtCo
PtMo/Pt PtCo/Pt
Catalyst
1.2
6.5
5.4
5.6
4.6
Glycerol consumption
7.1
4.6
28
0.6
3.9
H2
1.6
2.9
7.0
1.8
4.4
CO2
0.2
0.3
0.3
1.4
1.6
CH4
0.2
1.0
1.5
5.5
8.2
Ethylene Glycol
Hydroxyacetone +
0.4
3.1
1.4
7.5
3.5
Propylene Glycol
Turnover Rate / 10-2s-1
Rate Ratios
0.7
4.6
7.8
11
6.6
Water-gas shift
Methanation during
0
0
0.1
--WGS

Gas phase products identified in the reaction effluent include H2, CO, CO2, and CH4.
Carbon monoxide was not a major reaction product. When it was detected, CO2:CO
 × 

ratios were in excess of 100:1. Carbon selectivity 

! 

"#$%# × &

× 100%* to

CO2 and CH4 over Pt, PtMo, and PtCo catalysts is presented in Figure 5.1. For all
catalysts tested, CO2 was the most prominent gas phase species, with CO2:CH4 ratios
greater than 8:1. As previously reported, a CO2:CH4 ratio in excess of 0.74:1 will result in
a net generation of hydrogen [60], suggesting that H2 formation reactions are the
dominant pathway for these catalysts. In general, Pt and PtCo had a higher selectivity to
CO2 versus PtMo, and a lower selectivity to CH4, particularly at conversions above 10%.
The gas phase hydrogen selectivity – which considers the hydrogen produced as
molecular H2 versus the hydrogen that is contained in hydrocarbons as a result of
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hydrogen consuming side reactions – is presented in Figure 5.2. At all conversions, Pt
and PtCo maintain hydrogen selectivity above 85%, with PtCo having about 5% higher
H2 selectivity at all measured conversions. PtMo starts with a lower H2 selectivity (82%
for PtMo versus 96% and 90% for Pt and PtCo at conversion of around 1%), and has
around 20% lower selectivity for conversion above 60%.

Figure 5.1
Gas phase carbon selectivity to CO2 (filled markers) and CH4 (open
markers) as a function of glycerol conversion for Pt (green, ▲), PtMo (red, ■), and PtCo
(blue, ♦) catalysts at 230 °C, 32 bar, and WHSV between 1 and 200 hr-1.
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Figure 5.2
Gas phase hydrogen selectivity as a function of glycerol conversion for Pt
(green, ▲, dashed line), PtMo (red, ■, dashed/dotted line), and PtCo (blue, ♦, solid line)
catalysts at 230 °C, 32 bar, 30 wt% aqueous glycerol feed, and WHSV between 1 and
200 hr-1.

Liquid phase products in the reaction effluent were ethylene glycol, propylene glycol,
hydroxyacetone,

ethanol,

acetaldehyde,

methanol,

1-propanol,

1,3-propanediol,

propionaldehyde, 2-propanol, and acetone. Liquid phase products have been grouped into
either carbon-carbon ([C-C]) scission products (methanol, ethylene glycol) or carbonoxygen ([C-O]) scission products (propylene glycol, hydroxyacetone, ethanol, 1- and 2propanol, acetone, acetaldehyde, propionaldehyde, 1,3-propanediol). In general, the
carbon selectivity in the liquid phase was dominated by [C-O] versus [C-C] cleavage
products for all catalysts tested, with [C-O] scission selectivity ranging between 25 and
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75% (Figure 5.3a), and [C-C] scission selectivity ranging between 3 and 20% (Figure
5.3b). A direct comparison of the catalysts (Figure 5.3) shows that Pt and PtCo had
higher selectivity to [C-C] cleavage products and lower selectivity to [C-O] products in
the liquid phase versus PtMo. The selectivity to liquid phase products was similar over Pt
and PtCo and different for PtMo at similar glycerol conversion, suggesting that Pt and
PtCo had similar overall reaction pathways (see discussion, 5.3.1).

In addition to measuring the liquid phase reforming site time yields and selectivity of
these catalysts, the rates of the gas phase water-gas shift (WGS) and methanation
reactions were also measured (Table 5.1). Both PtCo and PtMo had a promotional effect
over the monometallic Pt catalyst, with a factor of 11 for PtCo and 6.6 for PtMo.
Methanation activity was not observed on Pt or PtMo during WGS, but PtCo had a rate to
methanation that was ~60 times lower than the WGS rate.
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Figure 5.3
Carbon selectivity to a) [C-O] scission and b) [C-C] scission liquid phase
products as a function of glycerol conversion for Pt (green, ▲, dashed line), PtMo (red, ■,
dashed/dotted line), and PtCo (blue, ♦, solid line) .Values measured at 230 °C, 32 bar,
and 30 wt% aqueous glycerol with WHSV between 1 and 200 hr-1.
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5.2.2

Catalyst Characterization

5.2.2.1 Electron Microscopy
Transmission electron microscopy (TEM) was used to determine the size and abundance
of the metal nanoparticles before and after reaction. Representative TEM images for the
PtCo/MWCNT and Pt/MWCNT catalysts are presented in Figure A.1, for both fresh and
used samples. After H2 reduction and before APR, the PtCo catalyst had a particle size
distribution of 1.0 ± 0.3 nm (Figure A.2). After reaction for more than one week, the
particle size increased to 2.1 ± 0.6 nm, and showed a broadening of the distribution
(Figure A.2). The fresh Pt/MWCNT catalyst had a particle size distribution of 1.1 ± 0.5
nm after reduction (Figure A.2a), similar in size to the PtCo. After 8 days on stream, this
catalyst had a particle size distribution of 2.1 ± 0.9 nm. (Figure A.2b) These results are in
contrast to the results of our previous characterization on activated carbon supported
catalysts, which had fresh particle sizes of around 2 nm that sintered to 5 nm after
reaction. These results suggest that the MWCNT support helps to disperse and stabilize
the metal nanoparticles, as the size distributions on the used samples were similar to
those for the fresh samples on activated carbon.

Scanning Transmission Electron Microscopy (STEM) imaging was coupled with
Electron Energy Loss Spectroscopy (EELS) to probe the configurations of nanoparticles
present on used PtCo/MWCNT catalysts. Three different particle configurations were
found based on how Pt and Co atoms coordinate themselves with respect to each other: Pt
only, a Co core encapsulated by a Pt shell, and a well-mixed PtCo alloy. Figure 5.4 shows
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representative HAADF-STEM and STEM-EELS line scans of the different particle
configurations that have been assigned to this catalyst. The particle in Figure 5.4a
consists of Pt shell covering a Co core, confirmed by a STEM-EELS elemental line scan
(Figure 5.4b). The particle at the far left in Figure 5.4c is a Pt only particle, and the other
particles in the same figure are well mixed PtCo alloys. Similar line scans were
performed on 37 different nanoparticles on the catalyst sample, and the number and
percentage of each type of configuration was tabulated (Table 5.2). The results suggest
that there were a significant number of Pt only particles (59%), and fewer bimetallic
particles having Pt shell/Co core (30%), and mixed alloy (11%). No Co only particles
were observed.

The crystal structure of the core-shell particle depicted in Figure 5.4a and the mixed alloy
particle depicted in Figure 5.4c was determined by taking the fast Fourier transformation
(FFT) of high resolution STEM images (Figure A.3b and d). The FFT pattern matches
that of a face-centered cubic (FCC) zone axis pattern 001 and 110 for the core-shell and
mixed alloy particle, respectively. The different facets of the nanoparticles are shown in
Figure A.3a and c. The available surface facets correspond to the lowest energy planes.
Elemental Pt and Co prefer FCC structure, which is observed in the bimetallic core-shell
and mixed alloy particles.
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Table 5.2
Number and percentage of different
configurations as identified by STEM-EELS line scans.

Number
Percentage

PtCo

bimetallic

particle

Total

Co Only

Pt Only

Mixed Alloy

Pt Shell/Co Core

37
100%

0
0%

22
59%

4
11%

11
30%

Figure 5.4
a) HAADF-STEM image and b) STEM-EELS elemental linescan of a
representative Pt shell/Co core particle. c) HAADF-STEM image and d) STEM-EELS
elemental linescan of representative Pt only (x = 0-5 nm), and mixed Pt/Co alloy particles
(x = 5-10 nm, 15-25 nm). All images taken on a used PtCo/MWCNT sample.
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5.2.2.2 X-ray Absorption Spectroscopy
X-ray absorption spectroscopy characterization was performed on the PtCo catalysts
under ex situ, in situ, and operando conditions to determine the structural characteristics
of the catalyst. The XANES results for the fresh catalyst at the Pt LIII edge (Figure 5.5a)
show small but significant changes in the edge compared to a Pt foil, a characteristic of
bimetallic nanoparticles caused by the alloying of the two metals [60]. The edge position
(Table A.1) is slightly shifted (by 0.3 eV) with a broader white line with lower intensity
than the foil, showing the presence of reduced and alloyed Pt.

Analysis of the Co K-edge XANES of the fresh catalyst (Figure 5.5b) indicates that the
Co is not fully metallic after reduction under H2 at 400 °C. The white line intensity is
between that of the CoO standard and the Co foil, indicating that the average Co
oxidation state is between Co0 and Co2+. Fitting the XANES with a linear combination of
Co2+ and Co0 references shows that the Co is 80% reduced after pretreatment. To probe
the effects of the Pt on the Co oxidation state, a 5 wt% Co/MWCNT catalyst was
subjected to the same pretreatment conditions as the bimetallic catalyst. This pretreatment
reduced the Co, but to a lesser degree than the PtCo catalyst: 50% Co0 on the
CoOx/MWCNT catalyst vs. 80% Co0 on the PtCo bimetallic.
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Figure 5.5a) Pt LIII XANES (11.54 to 11.58 keV) of Pt foil (black, dashed line) and
PtCo bimetallic catalyst (blue, solid line) reduced at 400 °C, b) Co K XANES (7.70 to
7.74 keV) of PtCo catalyst reduced at 400 °C (blue, solid line), Co foil (black, dashed
line), and CoO (black, dashed/dotted line).
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The Fourier transform of the Pt LIII EXAFS of the fresh PtCo (Figure 5.6) shows
characteristics of bimetallic particles. The changes in the magnitude and shifts in the zero
of the imaginary spectra suggest the presence of a second backscattering atom in addition
to Pt, i.e. Co. The fit parameters (Table A.1) include both Pt-Pt and Pt-Co coordination.
The Pt-Pt bond distance is compressed relative to that for bulk Pt to 2.73 Å, similar to
changes that are observed in monometallic Pt nanoparticles (2.72 Å). The low Pt-Pt
coordination number suggests a well-dispersed Pt phase. The Pt-Co coordination number
is similarly low, and the bond distance (2.60 Å) is about half way between a Pt-Pt and
Co-Co bond (2.77 Å and 2.51 Å), which is indicative of the bimetallic nature of the
particles.

The FTs of the Co K-edge EXAFS of the fresh PtCo sample (Figure 5.7) have small
shifts in the peak position in the magnitude and imaginary part of the FT, which suggests
the presence of a second backscattering atom, i.e. Co-Pt, consistent with the Pt edge. The
fit parameters (Table A.1) show similar Co-Co (3.8) and Co-Pt (2.6) coordination
numbers with bond distances of 2.51 and 2.61 Å. Even though there was a measureable
amount (20%) of Co2+ observed in the XANES, the presence of Co-O backscattering was
not detected in the EXAFS due to its low concentration and weak scattering compared to
the Co-metal peaks. The low total coordination numbers for Pt and Co edges (CN around
7) agree with the formation of nanoparticles of 1-2 nm observed in the TEM analysis [61].
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Figure 5.6
Magnitude (solid line) and imaginary part (dotted line) of the FT of the Pt
LIII edge k2-weighted EXAFS for a Pt foil (black) and the PtCo catalyst reduced at
400 °C (blue).

Figure 5.7
Magnitude (solid line) and imaginary part (dotted line) of the FT of the Co
2
K edge k -weighted EXAFS for Co foil (black) and PtCo catalyst (blue) reduced at
400 °C.
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The presence of significant Pt in the surface layer on the PtCo bimetallic structure is
shown by changes in the XANES spectrum with CO adsorption. It has been previously
demonstrated that molecules that adsorb strongly to Pt surfaces, such as CO, affect the
white line shape of the Pt LIII XANES due to electron sharing between the Pt d-band and
the chemisorbed molecule [48]. Figure A.4a shows the effects of adsorbing CO on a
monometallic Pt catalyst. The edge shifts to higher energy and there is an increase in the
white line intensity, consistent with the loss of electron density from the d-band due to Pt
bonding with CO [69]. Figure A.4b shows the results of the same experiment conducted
on the PtCo bimetallic catalyst, yielding a qualitatively similar change in the XANES. By
performing a ∆XANES analysis [48] and subtracting the spectrum obtained in He at RT
from the spectrum with adsorbed CO, the contribution to the changes in the XANES from
the surface adsorbate can be isolated (Figure 5.8). The Pt/MWCNT and PtCo/MWCNT
have similar particle sizes as determined by TEM, meaning that the surface metal fraction
is similar for both the Pt and PtCo catalysts. Using a linear combination fit with CO
adsorbed on Pt as a reference, it was determined that the ∆XANES spectrum for PtCo
was about 65% of that for Pt, meaning that 65% of the surface atoms on the particles of
the PtCo catalyst were Pt.
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Figure 5.8
Pt LIII ∆XANES (11.55 to 11.58 keV) for PtCo/MWCNT with CO
adsorbed (blue, solid line) and the Pt/C catalyst with CO adsorbed (green, dashed line).
(∆XANES = spectra with adsorbed CO minus that in He).

5.2.2.3 Operando XAS
The operando XAS results for the PtCo under aqueous phase conditions show a particle
configuration that is similar to that for the ex situ results. The operando Pt XANES
(Figure 5.9a) has a qualitatively similar shape to that of the reduced sample indicating
that Pt is alloyed with Co. However, a small shift in the edge energy (11.5644keV for
operando versus 11.5643 keV for the reduced sample), accompanied by an increase in
the intensity of the white line suggests changes to the Pt bonding environment.
Performing a similar ∆XANES experiment as described above (Figure 5.10), it was
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observed that there was surface CO under reaction conditions, with a contribution of 60%
of that taken under a CO environment at room temperature. These observations are in
agreement with our previous characterization of Pt catalysts for APR [74].

The Co K-edge XANES for the catalyst under reaction conditions shows an increased
degree of oxidation compared to the reduced sample (Figure 5.9b). A linear combination
using Co foil and CoO as references indicates that the Co remains 70% reduced even
under the highly oxidizing water environment. This is in contrast to the monometallic Co
sample, which oxidized completely to Co2+ when steamed with water at 300 °C (Table
A.1).

The Pt and Co operando EXAFS results suggest that the bimetallic nature of the particles
was maintained under reaction conditions. The FT results for Pt and Co (Figure A.5) are
qualitatively similar to those results obtained for the reduced samples under helium,
indicating that there are still bimetallic particles under reaction conditions. However, the
fit parameters suggest changes in the configuration of the particles. From the Pt edge,
there is an increase in the Pt-Pt coordination (from 4.6 to 7), and a drop in the Pt-Co
scatter contribution (2.5 to 1.8). From the Co edge, it is observed that the Co-Co
coordination decreases (3.8 to 2.1), but the Co-Pt coordination remains nearly the same.
The bond distances do not change from their corresponding values at room temperature.
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Figure 5.9
a) Pt LIII edge XANES (11.54 to 11.58 keV) for the reduced PtCo catalyst
(blue, solid line) and the catalyst under operando conditions (red, dashed line), b) Co K
edge XANES (7.70 to 7.74 keV) for reduced PtCo catalyst (blue) and PtCo catalyst under
opera operando conditions (red, dashed line). Operando conditions were 230 °C, 32 bar,
30 wt% aqueous glycerol, WHSV = 180 hr-1.
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Figure 5.10 Pt LIII XANES result (11.54-11.58 keV) for a) the PtCo catalyst reduced in
He (blue, solid line), with adsorbed CO (green, dashed/dotted line) and in operando
under glycerol reforming conditions (red, dashed line), b) ∆XANES (11.55 to 11.58 keV)
for the PtCo catalyst under operando conditions (red, dashed line) and with CO adsorbed
under He at RT (green, solid line) (∆XANES = spectra with adsorbed CO minus that in
He).
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5.3
5.3.1

Discussion

Glycerol Reforming Pathway

The reaction products identified were consistent with parallel carbon-carbon cleavage
([C-C]) and carbon-oxygen cleavage ([C-O]) pathways. When glycerol undergoes [C-C]
cleavage, surface CO (which is observed in the Pt LIII XANES during operando
experiments) and H2 are generated. Under aqueous conditions, the surface CO undergoes
the water-gas shift reaction to generate CO2 and additional H2. Conversion of molecules
with a C:O stoichiometry of 1:1 (i.e., glycerol) completely to CO2 and H2 via [C-C]
cleavage represents the highest possible hydrogen yields from APR. Conversely, when
these molecules undergo [C-O] cleavage, deoxygenated products with unsaturated C=C
or C=O fragments are formed. These intermediates are then hydrogenated in situ by
hydrogen generated through the [C-C] cleavage pathway and form liquid phase
intermediates with saturated hydrocarbon fragments. When these intermediates undergo
subsequent [C-C] cleavage and convert to gas phase molecules, they consume additional
hydrogen and form small alkanes. These reactions represent a significant loss in
hydrogen yield. For example, replacing one mole of CO2 with one mole of methane (i.e.
doing a single C-O cleavage) represents a loss of 4 moles of H2 in the final yield. Thus,
limiting [C-O] cleavage reactions is essential to maximizing hydrogen yield.

The observed differences in selectivity between Pt, PtCo, and PtMo are the results of
differences in the effect of each promoter metal on the pathways and rates of reaction.
 ×    

The carbon selectivity 

"#$%# × &

 

× 100%* trends for ethylene

111
glycol (EG) and methanol - the liquid phase intermediate products resulting from the
carbon-carbon cleavage pathway - and for CO2 generation, are similar over all three
catalysts (Figure 5.11), suggesting that the pathway for [C-C] cleavage is similar over all
three catalysts. The total selectivity to [C-C] scission products shows the differences in
pathway selectivity between the catalysts, however. For example, PtCo has a 5-10%
higher selectivity to EG than Pt, but Pt has higher selectivity to CO2 (0 to 5% higher at all
tested conversions), due to a large increase in EG production STY on PtCo (additional
details below). Since both products are the result of only the [C-C] cleavage pathway, if
the values are added together (i.e. to give a ‘total’ [C-C] pathway selectivity), they give
similar values between 50 and 60% at 1% conversion, which converge to 70% at higher
conversions. This is evidence that Pt and PtCo have similar selectivity to the [C-C]
pathway. The combined [C-C] selectivity for the PtMo catalyst, however, was around 20%
lower at all measured conversions (24% selectivity at 1% conversion, and 50-55%
selectivity at higher conversions).
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Figure 5.11 Selectivity versus glycerol conversion trends for ethylene glycol (a) and
methanol (b) for Pt (green, ▲, dashed line), PtMo (red, ■, dashed/dotted line), and PtCo
(blue, ♦, solid line). Measurements taken at 230 °C, 32 bar, 30 wt% aqueous glycerol and
WHSV between 1 and 200 hr-1
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There are also differences in selectivity between Pt, PtCo, and PtMo in the three most
abundant [C-O] cleavage products: propylene glycol (PG), ethanol, and 1-propanol
(Figure 5.12). The Pt and PtCo show similar selectivity values and trends to these
products (nearly constant 5% and 2% selectivity to ethanol and 1-propanol, respectively;
and a similar profile shape with selectivity between 10 and 20% for PG). However, the
PtMo catalyst shows both different selectivity trends and higher selectivity (15 to 35%
higher [C-O] scission selectivity, Figure 5.3) to these products, particularly propylene
glycol, suggesting that the Mo both increases the site time yields of [C-O] cleavage
products and does so by a different mechanism. This is consistent with our previous work,
which suggests that the Mo not only modifies the Pt reaction site, but generates additional
reaction sites, either as a Mo-O/OH acidic site on the surface of the PtMo particles, or as
a Pt-Mo bimetallic pair site, similar to other deoxygenation catalysts in literature [56, 73].
The addition of these deoxygenation sites is the reason for the observed differences in
selectivity.
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Figure 5.12 Selectivity versus glycerol conversion trends for a) propylene glycol, b)
ethanol, and c) 1-propanol for Pt (green, ▲, dashed line), PtMo (red, ■, dashed/dotted
line), and PtCo (blue, ♦, solid line). Measurements taken at 230 °C, 32 bar, 30 wt%
aqueous glycerol, and WHSV between 1 and 200 hr-1.
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The relative promotion of CO2 and EG ([C-C] pathway), and hydroxyacetone (HA) and
propylene glycol ([C-O] pathway) site time yields between the three catalysts also
illustrates the differences in the effects of the different promoters. The ratio of CO2 + EG
STY to PG + HA STY are 4.5 for Pt, 6.1 for PtCo and 1.3 for PtMo. The [C-C]/[C-O]
STY ratio is higher on PtCo than Pt, but both are at least a factor of 3 higher than on
PtMo. The difference in Pt and PtCo STY ratios is accounted for by the fact that PtCo
increases the STY of EG by a larger factor than to CO2 (8.2x for EG, 4.4x for CO2)
versus Pt. This is also why the selectivity to EG is higher on PtCo than it is on Pt, and
results in the 5% decrease seen in the CO2 selectivity, since the total [C-C] selectivity is
similar. The EG selectivity on PtMo is lower not because of a lack of a promotional
effect (PtMo increases the EG STY by a factor of 5.5 compared to Pt), but rather because
the site time yields to HA and PG are promoted by a larger amount (7.5x increase for
HA+PG on PtMo vs. Pt, compared to 3.5x increase for PtCo vs. Pt), resulting in the lower
[C-C]/[C-O] STY ratio.

This, in addition to the higher site time yields of deoxygenated intermediates, is the
reason why the H2 site time yield does not appear significantly higher for PtMo versus Pt
at low conversion, but an overall promotion still exists. The Mo is increasing the site time
yields of both [C-C] and [C-O] cleavage reactions, the former in a similar way as the Co
(due to similarities in the pathway intermediates), and the latter by introducing additional
deoxygenation sites. By contrast, the PtCo catalyst has similar selectivity profiles for all
intermediates and products when compared to the monometallic Pt. The increase in site
time yields with very little change in selectivity between Pt and PtCo suggests that the
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reaction sites are similar between these two catalysts and that the function of Co is to
promote Pt functionality.

The consequence of the differences in PtMo and PtCo promotion on the ability of these
catalysts to effectively generate H2 are most evident in the gas phase H2 selectivity
(Figure 5.2), particularly at conversion above 50% where many of the liquid phase
intermediates resulting from [C-O] scission are further converted (>60% selectivity to gas
phase products), resulting in a large decrease in the PtMo H2 selectivity from 82% to 65%
as more hydrocarbon fragments are produced, versus only a small drop in the PtCo and Pt
selectivity (from 96% to 92% and 90% to 85%).

We also note that both PtMo and PtCo show a promotional effect for the water-gas shift
(WGS) reaction compared to the monometallic Pt (Table 5.1). The observed increase in
both APR site time yields and WGS rates suggests that these two reactions are related.
The presence of CO on the surface of the catalyst during APR, but low CO levels relative
to CO2 in the gas phase effluent (CO2:CO ratios > 100:1), suggests that the water-gas
shift reaction is an important part of the reforming reaction network. Carbon monoxide
binds strongly to Pt surfaces and is a well known poison for Pt catalysts, and in this case
the role of WGS may be to assist in removing from the surface CO species that are
generated by the [C-C] cleavage pathway and detected by the operando ∆XANES
experiments.
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5.3.2

The Active Catalyst Structure and Effects of Reaction Environment on Structure

The STEM results on the used sample shows that the catalyst does not have a
homogenous composition, but rather contains contributions from several different particle
types. The fit parameters listed in Table A.1, particularly for the sample in operando, are
generally consistent with the different particle configurations determined from the
STEM-EELS line scans, which suggest that there are discreet Pt-Pt and Co-Co phases
(i.e., Pt only particles, core/shell particles with Co- and Pt-rich phases), but also mixed
phases (well mixed alloy particles, core/shell Co-Pt interface). The large average Pt-Pt
CN (7) compared to smaller Pt-Co CN is consistent with having a significant fraction of
monometallic particles compared to bimetallic particles (~60% of the particles are
monometallic Pt by STEM), and generally Pt rich particles. The Co fit parameters were
also determined as an average over all the Co atoms in the sample, but 70% of the Co
was fully reduced by operando XANES. If just the metallic portion is considered, the true
coordination numbers will be 5

!KL
M

,
 N

or

!KL
G.2

. This means that the true Co-Co and Co-

Pt CNs for only the metallic Co are 3 and 3.9. In a similar manner, if assumptions are
made about how the molar fractions of Pt are distributed between monometallic and
bimetallic particles, the contribution from the bimetallic particles to the measured Pt-Pt
coordination can be estimated. As an example, if the molar fraction of the Pt in bimetallic
particles is assumed to be 50%, the true coordination numbers for the Pt-X scatters are
6.9 and 3.6 for Pt-Pt and Pt-Co. These calculated ‘true N’ are consistent with
coordination numbers that might be expected for the particle configurations as
determined by STEM for both Pt shell/Co core particles, and Pt rich alloy particles.
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Similar calculations were made for several different distributions of Pt assuming that the
Pt only particles were 2.2 nm (from the TEM), and can be found in the supplementary
information along with the method for calculating these values (Table A.3). The total
coordination numbers for the Pt edge were compared to the total coordination number
expected for particles of 3-4 nm (the bimetallic particles in the STEM appeared to be
larger than the monometallic particles) based on the correlation of Miller et al. [61] to
determine the feasibility of the assumed metal distribution.

By this method, the

bimetallic particles were estimated to contain between 50% and 80% of the Pt.

In

general, the total Pt coordination (> 9) was higher than the total Co coordination (6.9) for
the contributions from the bimetallic particles, with high Pt-Pt CN (6.8 – 6.9), suggesting
overall Pt-rich bimetallic particles.

The stability of the PtCo bimetallic structures under reaction conditions are also of
interest. Evidence for Co leaching was observed in the analysis of the liquid phase
effluent from APR over PtCo catalysts by atomic absorption spectroscopy shows the
presence of Co in solution (used to detect but not quantify), which was not present in the
reaction effluent of either Pt or PtMo catalysts (indicating that it is not a false positive
caused by organic reaction products, for example). Additional evidence was observed in
the differences in edge step for the Co XANES of PtCo catalyst in the operando reactor
before introduction of the feed and during reaction. Under these cases, the edge step
dropped from 0.83 (fresh) to 0.36 (in operando). Since the edge step is linearly related to
the number of absorbers, and the same position in the bed was used for both
measurements, the drop in edge step is related to the loss of Co from the sample. The
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fraction of remaining Co can be estimated from the ratio of the edge step, that is
0.36/0.83, or about 40% of the initial Co remains.

These losses are consistent with results from electrochemistry, which described Co
leaching from CoO species and non-ordered PtCo alloys under acidic conditions leaving
Pt-rich species [75-77]. Additionally, it was noted that lower temperature pretreatment
led to a higher degree of leaching due to incomplete alloying of Pt and Co [75]. In light
of the STEM results, which showed several different particle configurations, as well as
the sequential IWI synthesis method and low pretreatment temperature (400 °C), it is
likely that the fresh catalyst contains Co only particles as well as multiple types of PtCo
bimetallic or alloy particles. The presence of Pt shell/Co core particles is consistent with
leaching Co from unstable alloy particles, as leaching has been demonstrated to leave Ptskin type particles similar to the core/shell particles observed in the STEM [77].
However, the STEM results show the presence of a stable PtCo alloy phase after the
reaction. One possibility for this alloy phase is ordered PtCo alloys, which were stable
after harsh conditions such as acid treatments at a pH of 1 and electrochemical reaction
cycles [76]. However, these treatments were performed at room temperature, and so
these ordered structures may not be stable at the elevated temperatures and pressures in
the APR reactors.

Most importantly, the loss of Co, the catalyst was stable for over one week on stream
(Figure A.6). It is possible that the catalyst deactivates significantly over the first few
hours as the initial leaching from unstable Co species occurs. However, any Co in liquid
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samples collected near the end of the run was below the detection limit of 9 ppm and the
remaining bimetallic structures did not change after reaction (the EXAFS fits for catalysts
after one week of reaction matched those taken under operando conditions after 12-18
hours of operation), which indicates that the particle rearrangement and leaching happens
during the initial line-out period. Coupled with the stability data, this means that the
remaining PtCo bimetallic particles which contribute to the steady-state promotion are
stable.

5.3.3

Effect of Catalyst Structure on Catalytic Activity

The activity and selectivity trends were related to the observed catalyst structure from the
characterization. Both STEM and XAS indicate that the bimetallic PtCo particles take on
configurations that contain significant surface Pt, and the ∆XANES analysis for CO
adsorption on the PtCo catalyst indicates that about 65% of the particle surface is Pt,
suggesting a generally Pt-rich surface. The PtMo catalyst adopts a different configuration,
with a Pt rich core and a Mo rich PtMo surface layer [60], with an estimated surface Pt
fraction of only about 25% by ∆XANES. The ∆XANES results are qualitatively similar
to CO chemisorption results, which indicate a 48% dispersion for Pt, 35% dispersion for
PtCo (72% Pt surface fraction compared to Pt), and 20% dispersion for PtMo (42%
surface fraction). The differences in Pt surface fractions determined by ∆XANES and
chemisorption may be due to CO adsorption on the secondary metals on the surface,
since the surface fractions calculated from ∆XANES were lower than the chemisorption
surface fractions. However, the small differences between the results suggest that
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predominant sites for CO adsorption on these catalysts are surface Pt sites (as the
∆XANES is Pt specific).

These differences in available surface Pt have an effect on the selectivity differences
observed over the catalysts. Density functional theory calculations [68, 78] indicate that
Pt surfaces are selective to [C-C] cleavage reactions, suggesting that catalysts with high
surface Pt content are selective towards hydrogen generation. The predominantly Pt-rich
surfaces on PtCo catalysts are the appropriate reaction sites for [C-C] cleavage reactions
and help maintain the Pt-like selectivity. For the PtMo case, the presence of Mo on the
surface both limits the availability of Pt for the [C-C] cleavage reactions and introduces
bimetallic Pt-Mo or Pt-MoO/OH acid sites that have been demonstrated in the literature
to catalyze [C-O] cleavage reactions [56, 73, 74].

Despite changing the reaction selectivity, the Co and Mo have similar effects on the rate
of reaction. We have noted above the importance of the water-gas shift reaction in the
reforming network as a method by which CO species generated during reforming are
removed from the catalyst surface. One way that the secondary metal may promote the
APR reaction is by facilitating the water-gas shift reaction on surface CO species to turn
over the Pt-based reaction sites. Previous results suggest that the role of exposed Mo or
MoOx is to increase the rate of water dissociation in the water-gas shift reaction by
providing water activation sites [32]. Thus, the rate promoting effect may due to the
presence of a Mo species on the surface of the PtMo bimetallic particles, which promotes
the rate of the surface-cleaning WGS reaction by increasing the availability of surface
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hydroxyls near the Pt sites.

Similarly, surface Co species on the well-mixed alloy

particles (as alloyed metallic Co or stable surface CoO) may act as water activation sites
to increase the coverage of surface hydroxyls, similar to the role of Mo proposed above,
thereby increasing surface water-gas shift rates to remove the CO and turn over the
reaction sites. The CO ∆XANES experiments showed that 65% of the surface was Pt,
with cobalt making up the remaining 35%. As noted above, the presence of cobalt-only
particles were not found in the STEM images, nor was there any evidence of Co or CoO
surrounding the particles, indicating the only Co on the sample was that which was
coordinated with Pt.

An additional mechanism by which the alloying may help the rate of reaction is by
modification of the CO binding energy. The changes to the XANES (increase in white
line intensity relative to monometallic Pt and a broadening of the white line) are
consistent with downward shifts in the d-band center [79]. This downward shift in the dband shift has been demonstrated in the literature to correspond to generally lower
binding energies of surface species such as CO [80-83]. Since the CO is generated on the
surface by reactions of the parent oxygenate molecules, a lower binding energy may
assist in promoting the reaction by removing surface CO species by desorption, in
addition to removal of the CO via WGS.

Finally, we note that the STEM-EELS line scans show a significant fraction of
monometallic Pt particles for the PtCo samples. Despite this, there is still a measureable
increase in the reaction rates as the result of adding Co to Pt. This promotion is not
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caused by isolated Co particles, as the monometallic Co catalyst was ineffective for APR
and no Co-only particles were observed in the STEM images. Thus, the promotional
effect of the Co is the result of forming bimetallic PtCo particles, which are a small
fraction of the counted particles (40%). This result also suggests that increasing the
fraction of PtCo bimetallic particles on the catalyst should lead to additional rate
promotion.

5.4

Conclusions

The addition of Co and Mo to a Pt aqueous phase reforming catalyst resulted in
promotion in overall site time yields (five- and sixfold increase at 1% conversion), but
different effects on the hydrogen generation site time yields (fourfold H2 STY increase
for PtCo versus Pt and no H2 STY increase for PtMo vs. Pt, at 1% conversion). The
observed STY differences are the result of different selectivity for PtMo versus PtCo,
with PtMo promoting deoxygenation reactions which form undesired alkane side
products and reduce the H2 yield in higher proportion relative to the STYs of the
hydrogen generation pathway than does PtCo. At glycerol conversions above 60%, this
manifests itself as a 20% difference in gas phase H2 selectivity (85% for PtCo, and 65%
for PtMo).

The observed differences in the site time yields and selectivity observed over PtCo and
PtMo catalysts are the results of the active structures of the catalyst. Both secondary
metals provide improvements in the rate of the hydrogen generation pathway by adding
water activation sites that improve the rate of surface water-gas shift to remove surface
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CO (observed in the operando ∆XANES) generated in the reforming pathway. However,
in addition to providing water activation, the surface Mo species can act as
deoxygenation sites (as either PtMo bimetallic pairs or Pt-MoO/OH acid sites), which
cause the observed changes to selectivity.

The changes to the EXAFS for the PtCo catalyst and Co detected in the liquid phase
effluent are evidence of leaching of the secondary metal. This leaching results in the
predominantly Pt-rich particles observed in the STEM, but the presence of well-mixed
PtCo alloy particles after reaction indicate that there is a form of PtCo alloy that is stable
under APR conditions.

The small number of bimetallic particles coupled with the

observed site time yield improvements suggest that the performance could be improved
with synthesis methods that selectively create the stable forms of the bimetallic particles.
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CHAPTER 6. EFFECT OF COBALT LOADING ON STRUCTURE AND
CATALYTIC ACTIVITY OF PLATINUM/COBALT AQUEOUS PHASE
REFORMING CATALYSTS

6.1

Introduction

In Chapter 5, it was demonstrated that bimetallic PtMe catalysts with 3d metal promoters
such as Co improve the rates of reaction, while not having a significant impact on the
reaction selectivity. This is in contrast to oxophilic promoters such as Mo that improve
the rates of reaction, but add secondary reaction sites that catalyze the undesireable
deoxygenation pathway [60, 84]. It was also proposed that by increasing the number of
PtCo bimetallic sites (the previous PtCo catalyst had only 40% bimetallic sites), the
reaction performance could be improved. In this chapter, the PtCo system is studied by
testing a series of catalysts with varying Pt:Co ratios to elucidate the effects that the Co
loading has on the reaction. Kinetic experiments were coupled with ex situ and operando
X-ray

absorption

spectroscopy

(XAS)

and

scanning

transmission

electron

microscopy/electron energy loss spectroscopy (STEM/EELS) to determine the effect of
catalyst structure and particle configurations on the reaction rates and selectivity.
Changing the Pt:Co ratio increased the reaction site time yields over a monometallic Pt
catalyst by up to a factor of 4, while maintaining H2 selectivity above 85% at conversion
up to 70%. Characterization revealed that the catalysts maintain a bimetallic nature under
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aqueous phase conditions, and that the rates of reaction scale with the number of mixed
alloy particles as determined by STEM/EELS line scans.

6.2
6.2.1

Results

Glycerol Reforming Kinetics

Glycerol reforming site time yields and product selectivity were measured on
monometallic Pt and bimetallic PtCo catalysts with Pt:Co molar ratios of 1:0.5, 1:1, and
1:5. Products were identified and quantified in both gas and liquid phases at varying
glycerol conversion. The gas phase effluent contained primarily H2 and CO2 along with
CO and small alkanes (methane and ethane). Propane was not detected. In the liquid
phase, the identified products were classified by the types of bond cleavage required to
form them, either those undergoing only carbon-carbon cleavage ([C-C], ethylene glycol,
methanol), or carbon-oxygen cleavage ([C-O], propylene glycol, hydroxyacetone, 1propanol, ethanol, 2-propanol, acetone, propionaldehyde, and acetaldehyde).

The site time yields (STY) for the overall reaction (glycerol consumption) and hydrogen
generation, as well as site time yields for carbonaceous gas phase products and select
liquid phase intermediates are shown in Table 6.1. The products listed in Table 6.1 make
up at least 90% of the total reacted carbon for all catalysts and conversions, and are
considered the major reaction products. Adding Co to a Pt reforming catalyst increases
the STYs by factors of 1.7 at Pt:Co ratios of 1:0.5 and 1:1, and up to a factor of 4 at a
Pt:Co ratio of 1:5. The factors by which the STYs for each product increased were
similar across for each catalyst (i.e., all STYs for the PtCo 1:5 were fourfold higher than
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Pt). Adding Co to the catalysts also increased the rates of the water-gas shift reaction.
The PtCo 1:0.5 had a twofold rate promotion, with larger increases for PtCo 1:1 (11x)
and PtCo 1:5 (32x). Methanation was not observed on monometallic Pt or PtCo 1:0.5,
but was observed in TOR ratios of 0.01 (PtCo 1:1) and 0.2 (PtCo 1:5) compared to the
water-gas shift TOR.

Table 6.1
Site time yields (STY) (normalized to CO chemisorption sites) for
glycerol conversion over monometallic Pt and bimetallic PtCo catalysts. Site time yields
were measured at 230 °C, 32 bar, 30 wt% glycerol feed and WHSV of 170 – 180 hr-1
corresponding to 2-4% glycerol conversion. Water-gas shift and methanation turnover
rates (normalized to CO chemisorption sites) were measured at 300 °C with 75 sccm 6.8%
CO, 8.5% CO2, 21.9% H2O, 37.4% H2, and balance Ar at atmospheric pressure.

Catalyst
Conversion

Site Time Yield / 10-2s-1
PtCo
PtCo
PtCo
Pt
1:0.5
1:1
1:5
1.4%
1.6%
1.8%
4.5%

PtCo 1:0.5/
Pt

STY Ratios
PtCo 1:1/
Pt
--

PtCo 1:5/
Pt

Glycerol

6.1

9.9

11

23

1.6

1.8

3.8

H2

19

35

33

74

1.8

1.7

3.9

CO

0.07

0.02

0.04

0.2

0.3

0.6

2.9

CO2

8.2

14

15

31

1.7

1.8

3.8

CH4

0.3

0.4

0.2

0.6

1.3

0.7

2.0

C2H6

0.09

--

0.13

0.23

--

1.4

2.6

Ethylene Glycol
Hydroxyacetone +
Propylene Glycol

1.2

1.7

2.8

4.2

1.4

2.3

3.5

1.8

2.2

2.9

6.3

1.2

1.6

3.5

1.9

-2 -1

Turnover Rates / 10 s
Water Gas Shift
Methanation

TOR Ratios

0.7

1.3

7.8

22

0

0

0.1

4.4

11

32

--

Product carbon selectivity versus conversion for gas phase products, CO2 and total
alkanes, is presented in Figure 6.1. CO is not shown as the selectivity was less than 0.5%
at all conversions. CO2 was preferentially produced (40 – 60% selectivity) over alkanes
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(1-6% selectivity) at conversion levels up to 70%. The preference for CO2 production
over alkanes corresponds to hydrogen selectivity above 85% for all the catalysts
measured, depicted in Figure 6.2. Selectivity to liquid phase intermediates, presented in
Figure 6.3a for [C-C] and 6.3b for [C-O] products shows similar selectivity levels and
trends for all three PtCo catalysts tested. [C-O] product selectivity was generally favored
(38% decreasing to 25% selectivity up to 70% conversion) over [C-C] selectivity (20%
decreasing to 10% selectivity up to 70% conversion) in the liquid phase. However, CO2
is also a product of the [C-C] cleavage pathway. If the total [C-C] selectivity (i.e. [C-C]
liquid phase intermediates and CO2) is considered, all catalysts had 60-65% selectivity to
the [C-C] pathway. In addition, the majority of the liquid phase products resulting from
[C-O] cleavage reactions are the result of a single [C-O] scission (i.e. ethanol, propylene
glycol), and so there is still the potential for H2 generation by further [C-C] cleavage
reactions on those molecules.
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Figure 6.1
Carbon selectivity to a) CO2 and b) total alkanes (methane + ethane) as a
function of conversion for Pt, (black circle, dashed/dotted/dotted line) PtCo 1:0.5 (blue
diamond, solid line), 1:1 (red square, dashed line), and 1:5 (green triangle, dashed/dotted
line). Selectivity was measured at 230 °C, 32 bar, 30 wt% glycerol feed and WHSV
between 1 and 180 hr-1.
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Figure 6.2
Hydrogen selectivity versus glycerol conversion for Pt (black circle,
dashed/dotted/dotted line), PtCo 1:0.5 (blue diamond, solid line), 1:1 (red square, dashed
line), and 1:5 (green triangle, dotted line). Selectivity was measured at 230 °C, 32 bar, 30
wt% glycerol feed and WHSV between 1 and 180 hr-1.
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Figure 6.3
Carbon selectivity to liquid phase intermediates resulting from a) [C-C]
cleavage pathway and b) [C-O] cleavage pathway for Pt (black circle,
dashed/dotted/dotted line), PtCo 1:0.5 (blue diamond, solid line), 1:1 (red square, dashed
line), and 1:5 (green triangle, dotted line). Selectivity was measured at 230 °C, 32 bar, 30
wt% glycerol feed and WHSV between 1 and 180 hr-1.
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6.2.2

X-ray Absorption Spectroscopy Characterization

Bimetallic PtCo catalysts were characterized using X-ray absorption Spectroscopy (XAS)
at the Pt LIII (11.564 keV) and Co K (7.709 keV) edges. Experiments were conducted
under ex situ, in situ, and operando conditions to determine how the catalyst structure
changed as the result of environment. The X-ray absorption near edge (XANES) results
for the Pt LIII edge (Figure 6.4) of the fresh PtCo catalysts after reduction at 400 °C
compared to a Pt foil show a decrease in the white line intensity and a shift in the edge
position (between 0.3 and 0.4 eV). In addition, the magnitude of the white line decreases
slightly with increasing Co loading. The change in the edge position and changes to the
shape and intensity of the white line (lower than that of the foil) are characteristic of
completely reduced and alloyed nanoparticles of Pt [60, 85, 86]. The Co K edge XANES
of the fresh catalysts (Figure 6.5) show that after reduction in H2 at 400 °C, the Co is
mostly reduced. Using a Co foil and a CoO reference (for Co2+), the XANES were fit to
determine the distribution of metallic and oxidized Co. The fit results indicate that the
Co is 75%, 80%, and 90% reduced for PtCo 1:0.5, 1:1, and 1:5 respectively (Table B.2).
A monometallic Co/MWCNT catalyst was also characterized to determine the effects of
Pt on the Co oxidation state. Under similar pretreatment conditions, the monometallic Co
had 44% Co0 by the XANES fits, a lower percentage than for the bimetallic catalysts.
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Figure 6.4
Pt LIII XANES spectra (11.54 – 11.58 keV) for bimetallic PtCo 1:0.5 (blue,
solid line), 1:1 (red, dashed line), and 1:5 (green, dotted line) compared to a Pt foil (black,
dashed/dotted line) for the catalysts reduced in H2 at 400 °C and scanned in He at RT.

Figure 6.5
Co K XANES spectra (7.70 – 7.74) for fresh bimetallic PtCo 1:0.5 (blue,
solid line), 1:1 (red, dashed line), and 1:5 (green, dashed/dotted line) and monometallic
Co/MWCNT (purple, dotted line), compared to a Co foil (solid black) and CoO standard
(dashed black). All catalysts were reduced in H2 at 400 °C and scanned in He at RT.
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The extended X-ray absorption fine structure (EXAFS) results at the Pt LIII edge (Figure
6.6) were similar for the fresh, reduced samples of PtCo 1:0.5 and 1:1. The spectra show
changes in the peak positions and relative peak intensity ratios compared to a Pt foil,
which is characteristic of a second scattering element, i.e. Pt-Co. Both catalysts show a
feature around 2.9 Å corresponding to contribution from Pt-Pt coordination, with a large
contribution at around 2.3 Å corresponding to Pt-Co coordination. The calculated fit
parameters (Table B.1) yielded Pt-Pt coordination numbers (CN) of 3.0 and 4.0 and PtCo coordination of 2.2 and 2.5 for PtCo 1:0.5 and PtCo 1:1, respectively. The PtCo 1:5
sample, by contrast, did not have a measureable Pt-Pt coordination and had a large
feature at 2.3 Å which corresponds to only Pt-Co coordination (CN = 5.9). Pt-Pt bond
distances were calculated as 2.75 Å, and Pt-Co bond distances were 2.58 Å. Note that the
Fourier transforms in the figures are not phase corrected and thus do not represent the
true bond distances. The Co K edge EXAFS (Figure 6.7) show similar features for all
three bimetallic catalysts and the monometallic Co catalyst. The peak at around 2.1 Å
corresponds to the Co-metallic scatters, and increases with increasing Co loading. The fit
parameters results in Co-Co coordination numbers of 1.7, 3.8, and 8.0 for PtCo 1:0.5, 1:1,
and 1:5 respectively. Conversely, the Co-Pt coordination numbers decrease from 3.5
(PtCo 1:0.5) to 2.6 (PtCo 1:1), and disappears for the highest loading sample (PtCo 1:5).
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Figure 6.6
Pt LIII Fourier transform of the k2 EXAFS spectra for Pt foil (black,
dashed/dotted/dotted line) and fresh bimetallic PtCo 1:0.5 (blue, solid line), PtCo 1:1 (red,
dashed line), and PtCo 1:5 (green, dashed/dotted line) for the catalysts reduced in H2 at
400 °C and scanned in He at RT.

Figure 6.7
Co K edge Fourier transform of the k2 EXAFS spectra for Co foil (black,
dashed/dotted/dotted line), fresh PtCo 1:0.5 (blue, solid line), 1:1 (red, dashed line), and
1:5 (green, dashed/dotted line) MWCNT supported catalysts reduced at 400 °C in H2 and
scanned in He at RT.
.
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The Pt LIII and Co K XAS for PtCo 1:1 and PtCo 1:5 catalysts were measured under
operando conditions and compared to the XAS results for the fresh samples after
reduction. For the PtCo 1:1 catalyst, the Pt edge XANES (Figure B.1a) showed that the Pt
remained reduced, but had small changes in the edge position and shape which are
consistent with the presence of CO on the surface as previously reported for this catalyst
[48, 60, 87]. The Co XANES (Figure B.3a) showed that the Co2+ fraction increased from
20% to 30% (Table B.2) in the aqueous environment. The Pt edge operando EXAFS
results for the PtCo 1:1 sample had similar features to the reduced catalyst (Figure 6.8)
indicating that the bimetallic particles were maintained under reaction conditions, but
with changes to the coordination environment. Most notably, there was an increase of the
feature at 2.9 Å, corresponding to an increase in the Pt-Pt coordination.

The fit

parameters were consistent with this, with Pt-Pt coordination increasing from 4.0 to 7.0,
and the Pt-Co dropping from 2.5 to 1.8. The Co edge EXAFS were also similar in shape
(Figure B.4a), but upon fitting the Co-Co, CN decreased from 3.8 to 2.1 and the Co-Pt
coordination remained similar (2.6 versus 2.7 for ex situ versus operando).
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Figure 6.8
Pt LIII Fourier transform of the k2 EXAFS spectra for the PtCo
1:1/MWCNT catalyst after reduction (solid red) and in operando (dashed red) compared
to a Pt foil (dashed/dotted/dotted black). Operando conditions were 230 °C, 32 bar, 30
wt% aqueous glycerol flow at 2% glycerol conversion.

The PtCo 1:5 catalyst under operando conditions showed that the general bimetallic
nature of the particle was maintained but with significant restructuring compared to the
fresh sample.

The XANES demonstrated that the Pt remained fully reduced under

reaction conditions, but the increase in the intensity of the white line above the edge
suggests the Pt became less alloyed (Figure B.1b). To determine the operando ∆XANES,
the spectrum under reaction conditions was compared to a spectrum taken after
completion of the flow experiment at room temperature, which eliminates changes to the
catalyst caused by the particle rearrangement. We note that while these two spectra were
captured at different temperatures (RT versus 230 °C), the XANES is an electronic
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transition and is not significantly affected by temperature changes in this range. By this
method, the ∆XANES showed a signature that was consistent with the presence of CO on
the catalyst surface (Figures B.1a, b and B2). The Co K edge XANES showed that the
Co remained about 90% reduced even under the high temperature aqueous conditions
(Figure B.3b, Table B.2). The EXAFS results for the Pt edge (Figure 6.9) show the CN
of bimetallic Pt-Co scatterers dropped from CN of 5.9 to 2.5, and Pt-Pt scatterers
appeared with a CN of 5.4, which is consistent with the changes observed in the XANES.
The Co edge EXAFS (Figure B.4b) also showed evidence of changes to the particle with
the Co-Co CN decreasing from 8.0 to 5.5, and the appearance of a bimetallic Co-Pt
scatterer with a coordination number of 3.1. Calculated bond distances (Table B.1) were
consistent across all scatterers on all catalysts, and did not change significantly as the
result of the liquid environment.
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Figure 6.9
Pt LIII Fourier transform of the k2 EXAFS spectra for the PtCo
1:5/MWCNT catalyst after reduction (solid green) and in operando (dashed green)
compared to a Pt foil (dashed/dotted/dotted black). Operando conditions were 230 °C, 32
bar, 30 wt% aqueous glycerol flow at 2% glycerol conversion.

6.2.3

Scanning Transmission Electron Microscopy

The morphologies of particles on the used PtCo 1:0.5, 1:1, and 1:5 catalysts were
characterized with scanning transmission electron microscopy (STEM) coupled with
electron energy loss spectroscopy (EELS). The high angle, annular dark field (HAADF)
images (Figure 6.10) were used to characterize the particle size distributions of the used
catalyst. Regardless of metal loading, the PtCo/MWCNT catalysts had similar average
particle sizes after reaction. The average particle sizes on the used samples were 2.3 ±
0.8 nm, 2.1 ± 0.6 nm, and 2.5 ± 0.8 nm for PtCo 1:0.5, 1:1, and 1:5 respectively, and are
qualitatively similar in size to other MWCNT supported catalysts [87]. Particle size
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distributions for each of the used PtCo 1:0.5, 1:1, and 1:5 catalysts may be found in the
supplementary information (Figure B.5).

Particle configurations were measured by STEM-EELS line scans, and were categorized
based on how Pt and Co distribute themselves within the particles. Three different
configurations were identified: mixed PtCo alloy, Pt shell/Co core, and Pt only. While Pt
only particles were present, no Co only particles were observed. Typical line scan results
for the four identified configurations are shown in Figure 6.11, along with a
corresponding HAADF-STEM micrograph for the scanned particle. Elemental analysis
via STEM-EELS was performed on at least 25 different particles for each sample, and the
number of scanned particles and their configuration distributions are tabulated in Table
6.2. The results of the elemental line scans indicate that PtCo 1:0.5 and 1:1 had similar
distributions of particle types, with a majority of Pt only (59%), and smaller percentages
of Pt shell/Co core (28% for PtCo 1:0.5, 30% for PtCo 1:1) and well-mixed alloy (13%,
PtCo 1:0.5; 11% PtCo 1:1) particles. The PtCo 1:5 sample, by contrast, had a much
higher fraction of bimetallic particles (77% total), with 50% of particles identified as
mixed alloy and 27% identified as Pt shell/Co core. The remaining 23% of particles were
Pt only.
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Figure 6.10 Representative HAADF
HAADF-STEM micrographs for used PtCo 1:0.5 (a), 1:1
(b), and 1:5 (c) supported on MWCNT after at least 7 days on stream.
stream The scale bar
corresponds
onds to 10 nm in all images.

Table 6.2
Particle configuration percent distributions for PtCo 1:0.5, 1:1, and 1:5
catalysts used for at least 7 days on stream as determined by scanning transmission
electron microscopy.
Total
Mixed
Pt Shell/
Total
Co only
Catalyst
Pt only
Particles
Alloy
Co Core
Bimetallic
PtCo 1:0.5
61
13
28
0
59
41
PtCo 1:1
37
11
30
0
59
41
PtCo 1:5
26
50
27
0
23
77

Figure 6.11 Representative HAADF
HAADF-STEM micrographs STEM-EELS
EELS line scans at
the Pt M4,5 edges (dashed
dashed red) and Co L2,3 edges (solid blue) for nanoparticles with a) Pt
only b) Pt shell/Co core, and c) mixed PtCo alloy.. Images were captured on samples of
the catalyst used for at least 7 days. The scale bars are 2 nm.
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6.3
6.3.1

Discussion

Effect of Co Loading and Reaction Environment on Catalyst Structure

6.3.1.1 Comparison of Fresh PtCo Structures
A combination of the XAS and STEM measurements allows for a comparison of the
fresh catalyst structures for varying Co loadings. The XAS results suggest the Pt:Co 1:1
and 1:0.5 catalysts had similar as-synthesized structures. Both catalysts had Pt-Pt, Co-Co,
and Pt-Co/Co-Pt mixed scatterers, and the larger Pt-Pt versus Pt-Co scattering on both
catalysts suggests generally Pt rich nano-particles. The amount of CoO determined by
the XANES was similar; 25% for the PtCo 1:0.5 and 20% for the PtCo 1:1. The major
differences were observed in the Co edge EXAFS, with Co-Pt CN of 3.5 versus 2.6 and
Co-Co CN of 1.7 versus 3.8 for the PtCo 1:0.5 compared to the PtCo 1:1. The higher CoPt and lower Co-Co coordination number for PtCo 1:0.5 versus 1:1 suggests that the Co
is better dispersed in Pt particles (the average Co ‘sees’ more Pt and less Co). However,
the overall small differences in the coordination numbers from the EXAFS suggests that
these catalysts have very similar bimetallic structures, with the difference being that the
lower Co loading likely has more Co coordinated to Pt on average.

In contrast, the lack of detectable Pt-Pt and Co-Pt scattering, and large Co-Co scattering
(CN = 8) for the PtCo 1:5 suggests that the as-synthesized structure contains isolated Pt
atoms or small Pt clusters coordinated with large Co particles (~3.5 nm, by the method of
Miller et al. [61]). The Pt-Co CN of 6 was different than the Co-Co CN of 8, which
suggests that the Pt was not perfectly distributed in the Co lattice; if this were the case,
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the Pt-Co CN would mirror that of the Co-Co. The measured Pt-Co CN of 6 suggests
that much of the Pt is at or near the surface of Co-rich nanoparticles. The lack of a
detectable Co-Pt backscatter is due to the high Co loading, and is consistent with having a
significant fraction of the Pt on the surface (i.e. the bulk Co sees little Pt). In addition,
the Pt-Co bond distance of 2.61 Å is nearly halfway between Pt-Pt (2.77 Å) and Co-Co
(2.51 Å), which is consistent with Pt on the surface of a Co particle or Pt substituted into
a Co FCC lattice.

6.3.1.2 Comparison of Structures under Reaction Conditions
Operando spectroscopy and STEM after the reaction indicate that high pressure and
temperature liquid water changes the catalyst structures. In our previous work [87], the
changes to the PtCo 1:1 catalyst were discussed in detail. Under reaction conditions,
some of the Co oxidizes (from 20% to 30% Co2+ by XANES), and the metal particles
rearrange and sinter, causing changes to the coordination numbers observed in the fitting
parameters (Table B.1). The fit parameters were averaged over all Co atoms in the
sample, but the Co-Co coordination that was measured was from metallic Co (CoO
would have a Co-O-Co scattering pathway, but this would be at a longer bond distance
compared to metallic Co, and thus not included in the observed Co-Co peak). The
EXAFS is an average over all Co species, the coordination numbers of only the metallic
Co (the ‘true’ metallic CN) may be found by dividing the observed CN by the fraction of
metal, or

!KL
G.2

, giving true N of 3 and 3.8 for Co-Co and Co-Pt under operando conditions.

The STEM data suggest that the reaction environment caused segregation of the phases,
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with a significant portion of monometallic Pt particles (59% of scanned particles), likely
due to leaching of Co from the nanoparticles as well as Pt-only particles resulting from
the non-targeted synthesis method. There were bimetallic particles observed with both Pt
shell/Co core (28% of particles) and well-mixed alloy particles (11% of particles),
consistent with the XAS which showed the presence of Pt-Co coordination.

The STEM images for the PtCo 1:0.5 catalyst measured after reaction indicate similar
distributions of particle configurations as the PtCo 1:1 catalyst, with both having 60%
monometallic Pt particles and 41% bimetallic (13% mixed alloy and 28% Pt shell/Co
core for PtCo 1:0.5). These two catalysts had similar structures as measured by ex situ
XAS, consistent with mixed PtCo particles. Given the similarities observed in the XAS
of the fresh samples and the STEM characterizations of the used catalysts, as well as the
similarity in the measured site time yields and product selectivity between PtCo 1:0.5 and
PtCo 1:1, we conclude that these catalysts have similar particle structures and
configurations under reaction conditions.

The operando XAS indicates that the liquid environment affected the PtCo 1:5 and PtCo
1:1 catalyst structure in a similar manner, but with a more pronounced effect on the PtCo
1:5. For the PtCo 1:5 catalyst in operando, Pt-Pt coordination appeared (CN = 5.4), and
the Pt-Co CN decreased from 5.9 to 2.5 suggesting a significant restructuring of the
particles. The operando Pt XANES were consistent with the changes in the EXAFS; the
edge energy did not change significantly, but the white line intensity increased (Figure
B.6) indicating that the bimetallic nature of the particles was maintained, but with less Pt-
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Co alloying (i.e. all the Pt is no longer correlated to all Co). The Co-Co coordination
number decreased from 8.0 to 5.5 and Co-Pt scattering appeared with a CN of 3.1. These
changes are consistent with the loss of Co from the Co-rich PtCo bimetallic particles in
the fresh sample, leaving Pt-only, or Pt enriched bimetallic particles.

This is also

consistent with the TEM measurements, which showed an average particle size of the
used catalyst of 2.5 nm, compared to the estimated average particle size of the fresh
catalyst of 3.5 nm, contributing to the decrease in Co-Co coordination number. In
addition, the coordination numbers from the operando experiments are generally
consistent with the different particle types identified by STEM-EELS line scans.

The lower Pt-Pt and higher Pt-Co coordinations under operando conditions suggests that
there is a higher degree of alloying in the PtCo 1:5 catalyst compared to the PtCo 1:1.
The Pt-Co coordination number was higher and Pt-Pt lower for Pt-Co 1:5 compared to
the PtCo 1:1 under reaction conditions and indicates that the Pt in the higher loading
sample ‘sees’ more Co. These differences are consistent with the particle configurations
observed in the STEM, which showed a larger number of bimetallic particles, in
particular well-mixed PtCo alloy particles for the PtCo 1:5 catalyst (48% for the PtCo 1:5,
11% for the PtCo 1:1). The Co XANES results suggest that there is a stable reduced
phase of Co under reaction conditions. The degree of reduction was different; 70% Co0
for PtCo 1:1 and 90% Co0 for PtCo 1:5. By contrast, a monometallic Co catalyst that had
been reduced at 400 °C (44% Co0 after reduction by XANES) oxidized completely back
to CoO when steamed with water at 300 °C (Table B.2). This suggests that Pt helps keep
Co reduced under the aqueous phase conditions. Additionally, the higher degree of
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reduction for the higher Co loading sample suggests that more Co is coordinated to the Pt,
which is in agreement with the particle type distributions observed in the STEM/EELS
line scans.

The changes to the coordination environments measured by the EXAFS under reaction
conditions are consistent with the loss of Co from the catalysts. The literature describes
the loss of Co from PtCo alloy systems, particularly isolated Co species, but also from
some forms of non-ordered PtCo alloys [75-77]. Cobalt was detected in the liquid phase
effluent by atomic absorption spectroscopy, confirming the loss of Co from the catalyst.
The structures for the fresh PtCo catalysts suggest the presence of PtCo alloys, as well as
the possibility of isolated phases, as indicated by the presence of Pt-Pt and Co-Co
scattering. The loss of isolated Co is supported in the EXAFS by a drop in the Co-Co
coordination (3.8 to 2.1 for PtCo 1:1, 8.0 to 5.5 for PtCo 1:5) from the fresh to operando
samples for both PtCo 1:1 and 1:5 catalysts. The fits also suggest a loss of alloyed Co, as
the Pt-Co coordination numbers decrease in operando (2.5 to 1.8 for PtCo 1:1, 5.9 to 2.5
for PtCo 1:5), consistent with the particles becoming more Pt-rich on average. However,
the presence of Pt-Co and Co-metal scattering under reaction conditions is consistent
with the presence of a stable reduced Co phase. These results suggest that the stable Co
phase is one which is alloyed with the Pt. The detection of higher Pt-Co and Co-Pt
scatters for the operando spectra compared to the fresh sample after reduction suggest
that the average Co is coordinated to more Pt – consistent with losses of non-coordinated
Co. These changes to the coordination are also the result of Co loss from unstable alloy
species, as the presence of Pt-skin bimetallic structures (i.e. Pt shell/Co core) are
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observed which have been demonstrated to form by the loss of surface Co from
bimetallic particles [77]. In summary, Pt helps to keep the Co reduced, and the reduced
Co enhances the Pt functionality to increase the site time yields (see below for additional
discussion on the role of Co).

Finally, we note that while Co leaching was observed, the long-term stability of the
reaction was not affected. The catalysts were stable and showed no deactivation over 710 days on stream (Figure B.7). This suggests that most of the Co leaches out during the
initial lineout period, and also suggests that only the Co that exists in the stable alloy
forms observed in the post-reaction STEM is responsible for the promotion.

6.3.2

Glycerol Reforming

As noted in our previous work [60, 84, 87], the glycerol reforming pathway shows
products consistent with both carbon-carbon cleavage ([C-C]) and carbon-oxygen
cleavage ([C-O]) reactions. Each pathway gives different end products which affect the
overall selectivity of the reaction. Dehydrogenation followed by [C-C] bond cleavage
yields H2 and surface carbon monoxide. The carbon monoxide can either desorb or
undergo the water-gas shift reaction to form CO2 and additional H2.

Complete

conversion of the glycerol via the [C-C] cleavage pathway turns all of the hydrogen on
the glycerol molecule into H2 and represents the highest possible H2 yield from the feed
molecule.

Conversely, when [C-O] cleavage reactions occur, OH groups from the

glycerol are removed as water, and hydrogen is consumed. These reactions produce
small oxygenates such as propylene glycol, ethanol, and propanol. When those products
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are further converted to gas phase products, small alkanes (ethane, methane) are
generated. These products represent a significant loss in H2. For example, if one mole of
methane is produced instead of one mole of CO2 (i.e., the result of a single [C-O] scission
on glycerol), there is a net loss of 4 moles of H2. Thus, limiting alkane production and
emphasizing catalysts that promote the [C-C] cleavage pathway is crucial to maximizing
hydrogen yields.

Our previous work has demonstrated that PtCo bimetallic reforming catalysts increase the
site time yields of glycerol reforming compared to a monometallic Pt while not
significantly affecting the selectivity [87]. Increasing the Co loading did not have a
significant effect on the overall reaction selectivity, as demonstrated in Figures 6.1-6.3,
which showed similar trends and values for all products over each of the three PtCo
catalysts characterized. This suggests that the Pt-type reaction sites, which have been
demonstrated to have good selectivity towards [C-C] bond cleavage [68, 78], and
therefore hydrogen generation, are maintained.

Because these selectivity trends are

similar to those observed over monometallic Pt catalysts [87], we propose that the role of
the Co is to promote Pt sites (see below), which are selective for dehydrogenation and [CC] cleavage reactions.

While the selectivity for APR reactions was similar over all three PtCo catalysts tested,
the site time yields increased by adding Co.

PtCo 1:0.5 and 1:1 showed similar

promotion (around 2x increase in all STYs vs. Pt), and PtCo 1:5 had a promotional effect
of 4x versus Pt. The trends in STY improvement are consistent with those noted by
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Huber et al. [18] for adding secondary metals to Pt/Al2O3 for ethylene glycol APR, with
PtCo 1:5 having the highest promotional effect of the catalysts tested. As noted above,
the glycerol decomposition reactions responsible for forming hydrogen generate surface
CO. Previous work [3, 6, 60, 84, 87] has suggested that one pathway to removal of CO is
via the water-gas shift (WGS) reaction. The operando ∆XANES for both PtCo 1:1 and
1:5 have signatures consistent with the presence of CO on the surface under reaction
conditions (Figures S.1 and S.2), which correspond to 60% and 40% surface coverage of
CO by ∆XANES. However, the measured CO selectivity in the effluent was less than 0.5%
at all tested conditions, with CO2:CO ratios in excess of 100:1.

The presence of

significant surface CO and low amounts in the gas phase relative to CO2 suggest that
surface water-gas shift is the predominant pathway by which CO is removed from the
surface of the catalyst.

The impact of the water-gas shift reaction can be observed in the reactivity trends
presented here. The water-gas shift reaction rates were found to increase with increasing
Co loadings on the catalysts (Table 6.1). Because CO is a poison for Pt surfaces, this
suggests that the role of water-gas shift may be to remove CO from the Pt sites, freeing
them up for reaction. Figure 6.12 is a comparison between the rate of water-gas shift and
the site time yield for APR, and shows a correlation between the rate of water-gas shift
and the reforming STY. This is additional evidence that water-gas shift is an important
step in the reforming pathway and improvements in the rate of water-gas shift improve
the overall reaction rates by cleaning the metal surface of CO. However, we note that the
structural changes to the catalyst due to leaching in the aqueous environment would not
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have the same effects on the catalyst used in the gas phase reaction. However, XAS
results on the fresh samples suggest that catalysts with the higher Co loading have a
higher degree of alloying, and so the general conclusion that additional bimetallic
particles drive the increase in reaction rates by facilitating the removal of CO from the
surface still holds.

Figure 6.12 Glycerol reforming STY versus water-gas shift TOR for the series of PtCo
catalysts. Glycerol STYs were measured at 230 °C, 32 bar, and 30 wt% aqueous glycerol
at conversions between 2 and 4%. Water-gas shift rates were measured at 300 °C with 75
sccm 6.8% CO, 8.5% CO2, 21.9% H2O, 37.4% H2, and balance Ar at atmospheric
pressure.
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6.3.3

Effect of Co Loading on Catalytic Activity

Increasing the ratio of Co:Pt changed the fractional distribution of particle types (Pt only,
Pt shell/Co core, well mixed PtCo alloy) on the catalysts (Table 6.2). Because the
particles are all of similar sizes, the metal dispersion on each catalyst is similar and so the
fraction of bimetallic particles is related to the fraction of total metal surface area, and
therefore the number of potential surface sites, contributed by each particle type. The
observed STY will then be the intrinsic STY of each surface type multiplied by the
fraction of sites that correspond to that surface. This can be modeled with an equation of
the form O

 P 

= ∑ OM × QM , where ri is the site time yield per surface site contributed

by each particle type, and fi is the fraction of total sites contributed from that particle type,
or the fraction of each particle type. Since three different particle types were observed on
all three bimetallic, this equation for the PtCo system is O

 P 

= O × Q  +

OR × QR  + OST × QST , where the subscripts are Pt for monometallic Pt, CS for the
Co core/Pt shell, and MA for the mixed alloy. By plotting the STY against the fractions
of surface area for each particle type, we can determine if one particle type makes a
strong contribution to the observed STY.

The observed STY was plotted against the combined fraction of all the bimetallic
particles (Figure B.8), and it was observed that there was a general correlation between
the amount of bimetallic PtCo and the site time yields. The STYs were then plotted
against the fraction of each individual particle type. The best correlation was between the
STY and the fraction of well-mixed alloy particles (Figure 6.13). The linear response of
this correlation suggests that the STY contributions from the well-mixed particles are the
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dominant term in the model for the observed STY proposed above, and thus the wellmixed alloy particles are the primary source of the STY improvements.

Figure 6.13 Fraction of PtCo particles with mixed alloy configurations versus aqueous
phase reforming (glycerol) TOR for MWCNT supported Pt and PtCo 1:0.5, 1:1, and 1:5
catalysts. Glycerol rates were measured at 230 °C, 32 bar, and 30 wt% aqueous glycerol
at conversions between 2 and 4%.

The model above was also used to estimate the intrinsic STY of each particle type,
similar to the method used by Shekhar et al. [88] to determine the contributions of
different reaction sites to the TOR for the water-gas shift reaction. Using the particle
type distributions estimated from the STEM/EELS analysis and the equation O

 P 

=

O × Q  + OR × QR  + OST × QST , the intrinsic STYs of the mixed alloy and Pt
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shell/Co core surfaces were estimated by calculating the model STY using the above
formula, and minimizing the sum of squared errors compared to the observed rates. The
intrinsic STY of the Pt-only surface was the experimental STY of the monometallic Pt
catalyst. Two parameters (rCS and rMA) were optimized with three data points (rates of all
tested bimetallic catalysts). Using this method, the intrinsic STY for the well-mixed
PtCo alloy and Pt shell/Co core catalyst were estimated to be 42 · 10-2s-1 and 4.5 · 10-2s-1,
compared to an STY of 7.1 · 10-2s-1 for the monometallic particles, which is why the
well-mixed particles had a dominating effect on the observed rate improvements. A table
of the parameters used to calculate the individual contributions from each particle type
(Table B.3) and a parity plot of the calculated STY versus observed STY showing the fit
(Figure B.10) may be found in the supplementary information. We note, however, that
because of the small sample size involved (only three data points used to fit the model) as
well as the unknown errors in the particle type distributions measured by the STEM that
the conclusions made by this analysis should be regarded as preliminary. They are,
nevertheless, consistent with all the data currently available.

The correlation of reaction STYs with the fraction of well-mixed alloy particles driven by
a higher intrinsic STY of those particles and the similarity in the selectivity trends
regardless of Co loading suggests that increasing the Co loading does not change the
types of sites available on these catalysts, but rather changes the fraction of promoted
sites by having more Co available for alloying with Pt. The reason for this promotion, as
we have previously proposed, is by introducing additional surface Co species which
increase the fraction of surface hydroxyls, or by decreasing the binding energy of CO
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[87]. The additional surface hydroxyls help to increase the rate of surface water-gas shift,
which aids in increasing the APR site time yield by clearing surface CO generated by the
C-C cleavage of C-OH groups. A lower CO binding energy may allow for more CO to
desorb to free up surface sites, which is consistent with the increased CO site time yields
with increasing Co loading. For the higher Co loadings, the additional promotion comes
from having additional alloy particles that contain surface Co, and so the contribution to
the observed STY from the promoted sites is higher. This is consistent with our previous
results, in which it was proposed that increasing the fraction of bimetallic particles would
increase the promotional effect of Co [87]. The loss of Co during the reaction due to
leaching suggests that only a small amount of Co is necessary to promote the Pt, but the
incipient wetness synthesis method employed requires higher Co loadings to initially
coordinate more of the Pt to Co. The EXAFS data on the fresh samples show that higher
Co loadings results in an increase to the initial Pt-Co coordination, which is consistent
with more Pt-Co interaction. Thus, the improvement in site time yields observed by
increasing initial Co loading is due to the presence of more Co available for coordination
with Pt on the support surface during synthesis, which results in the higher observed
fraction of promoted PtCo alloy particles.

6.4

Conclusions

The addition of different amounts of Co to a Pt aqueous phase reforming catalyst
increases the aqueous phase reforming site time yields (glycerol conversion, H2 and CO2
production) by factors of nearly 2 (for Pt:Co molar ratios of 1:0.5 and 1:1) and 4 (for
Pt:Co 1:5), while maintaining high selectivity to CO2 and H2 (selectivity > 45% and >
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85%) at conversions up to 60% for all catalysts. A comparison of the X-ray absorption
spectroscopy data in operando with reduced fresh samples suggests that the catalyst
structure changes significantly in the aqueous environment, but that bimetallic structure is
maintained. STEM analysis on the used samples indicates that higher Co loading led to a
higher fraction of alloyed PtCo particles remaining after reaction, which is consistent
with trends observed in the operando XAS results showing a higher degree of alloying
for PtCo 1:5 compared to PtCo 1:1. Correlating the fractions of different particle types
observed in the STEM-EELS line scans with the APR site time yields shows that the
STY increases are driven by the number of mixed PtCo alloy particles on the catalyst,
and thus that the function of the increased Co loading is to provide more Pt-Co
interaction during synthesis.
configuration.

It is not due to a different alloy composition or

An estimate of the intrinsic STY of the mixed PtCo alloy particles

indicates that STYs on the bimetallic surfaces are a factor of six higher than on
monometalic Pt and a factor of 10 higher than the estimated intrinsic STY for Pt shell/Co
core particles, supporting the hypothesis that these particles are the dominant contributors
to the rate promotion. The similarity in selectivity to the monometallic Pt suggests that
the role of the Co is to promote the Pt functionality, possibly by increasing the rate of the
water-gas shift reaction on the surface or by decreasing CO binding energy on PtCo
surfaces, which assists in removing the surface CO generated by the [C-C] cleavage
pathway.
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CHAPTER 7. EFFECT OF ALCOHOL AND ALKYL GROUP POSITION ON THE
RATE AND PATHWAY SELECTIVITY OF THE AQUEOUS PHASE
REFORMING REACTION

7.1

Introduction

Up to this point, most of the work presented here focuses on the aqueous phase reforming
of a single model compound, glycerol.

Glycerol is a good model compound for

carbohydrates recovered from cellulose (i.e. glucose, sorbitol, etc.). However, a true
biomass stream will incorporate many different compounds, and not necessarily just
those with a C:O stoichiometry of 1:1. Additionally, the APR network generates many
products as liquid phase intermediates, and so it is of interest to study how the
intermediates react in order to understand relative reactivity within the reforming network.
To this point, there has been very little literature contribution to studying the effects of
different functional groups and positioning, with a few studies highlighted here [28, 29].
However, this work did not attempt to measure rates such that they could be directly
compared to those measured by other groups for other compounds. Accordingly, it is of
interest to study how compounds with different chain lengths, functional groups, and
functional group positions react over catalysts designed to process biomass streams.

Here, we present initial work studying how the position of alcohol and alkyl groups
affects the reaction rates and pathway selectivity of a multi-walled carbon nanotube
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(MWCNT) supported Pt catalyst. We aim to measure the rates and selectivity for the
conversion of C3 alcohols with varying position of the alcohol and alkyl functional
groups in a manner such that we may directly compare rates (i.e. measuring with the
same molar fraction of the substrate molecule at similar conversion) and understand how
the functional groups affect the reaction network.

7.2
7.2.1

Results

Aqueous Phase Reforming Experiments

Reaction rates and product distributions for glycerol, 1,2-, and 1,3-propanediol, and 1propanol were measured on a Pt/MWCNT catalyst. The products measured for each of
the reactants was similar due to the similarity in structure and available functional groups
of the feed molecules. Table 7.1 lists the identified and quantified products in the
effluent streams for each of the feed molecules, with products listed in approximate
descending order of concentration in the liquid effluent.

The carbon selectivity to the most common reaction products listed in Table 7.1 for each
of the feed molecules as a function of conversion are presented in Figures 7.1-7.4 for
glycerol (Figure 1), 1,2-propandeiol (Figure 2) , 1,3-propanediol (Figure 3), and 1propanol (Figure 4). The reaction products in each of those figures make up >95% of the
reacted carbon in all cases, indicating that they are the major pathway intermediates.
Selectivity versus conversion plots for the minor products may be found in the
supplementary information (Figures C.1 – C.5).

158
Table 7.1
Identified and quantified reaction products for aqueous phase reforming
reactions of glycerol, 1,2- and 1,3-propanediol, and 1-propanol.
Glycerol
Ethylene Glycol (EG)
1,2-Propanediol (PG)
Hydroxyacetone (HA)
Methanol (MeOH)
Ethanol (EtOH)
1-Propanol (1-PrOH)
1,3-Propanediol (1,3-PD)
Acetaldehyde (AcO)
Acetone
2-Propanol (2-PrOH)
Propionaldehyde (PrO)
Hydrogen
Carbon Dioxide
Methane
Ethane
Carbon Monoxide

1,2-Propanediol
1,3-Propanediol
Liquid Phase Products
Hydroxyacetone
1-Propanol
Ethanol
Ethanol
1-Propanol
Propionic Acid
Acetaldehyde
Propionaldehyde
Propionic Acid
Methanol
Propionaldehyde
Acetaldehyde
Acetone
2-Propanol

Gas Phase Products
Hydrogen
Hydrogen
Carbon Dioxide
Carbon Dioxide
Methane
Methane
Ethane
Ethane
Carbon Monoxide Carbon Monoxide

1-Propanol
Propionaldehyde
Propionic Acid
Methanol

Hydrogen
Carbon Dioxide
Ethane
Carbon Monoxide

The majority products in the gas phase effluent from glycerol conversion were H2 and
CO2, with CO2 being the dominant carbon species in the gas phase (Figure 7.1a). The
high CO2 selectivity (>40%) and generally low total alkane selectivity (<5%) in the gas
phase indicates that glycerol generally follows a carbon-carbon ([C-C]) cleavage pathway
to form hydrogen over Pt catalysts. The liquid phase results (Figure 7.1b) had higher
selectivity to products results from carbon-oxygen ([C-O]) cleavage such as 1,2propandeiol, ethanol, and 1-propanol, totaling between 50 and 70% selectivity, versus 813% selectivity for the [C-C] cleavage products (ethylene glycol and methanol). Overall,
glycerol had a 60% total selectivity to the [C-C] pathway (sum of CO2 and liquid phase
[C-C] intermediate selectivity). The glycerol also showed generally insignificant
production of organic acids.
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Figure 7.1
Carbon selectivity as a function of glycerol conversion to a) gas phase
carbon: CO2 (black squares, solid line), CH4 (red circle, dashed line); b,c) major liquid
phase products: 1,2-Propanediol (red circles, dashed line), ethylene glycol (blue triangles,
dashed/dotted line), hydroxyacetone (black squares, solid line), ethanol (green diamonds,
dotted line), 1-propanol (orange triangles, dashed/dotted/dotted line), and methanol
(purple stars, short dashed line). Selectivity was measured at 230 °C, 32 bar, and varying
WHSV to change feed conversion.
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Similar to glycerol, gas phase selectivity for the 1,2-propanediol reaction (Figure 7.2a)
was generally dominated by CO2 (10-40% selectivity) with low selectivity to alkanes (510%). Note that higher selectivity to methane is not the result of additional [C-O]
cleavage as it is in glycerol; rather, the methane is present as the terminal hydrocarbon
fragment of the feed molecule, and so it results from the [C-C] cleavage process. For
1,2-propanediol, ethane production is a better measure of the presence of [C-O] cleavage;
ethane selectivity was lower than 10% at all measured conversions. The liquid phase
results (Figure 7.2b) show that the major liquid phase product is hydroxyacetone, a
dehydrogenation product of 1,2-propanediol.

1,2-Propanediol has generally low

selectivity to liquid phase intermediates resulting from [C-C] (ethanol) or [C-O] (1- and
2-propanol) bond cleavage. However, of these liquid products, selectivity to ethanol (5 to
20%) was higher than the selectivity to 1-propanol (1 to 6%). Selectivity to 2-propanol
was generally negligible (<1%). 1,2-Propanediol showed negligible organic acid
selectivity.

1,3-Propanediol had generally different selectivity trends compared to 1,2-propanediol
and glycerol. Gas phase selectivity results (Figure 7.3a) show that CO2 and C2H6 are the
dominant gas phase carbon species. Methane selectivity is low (1%), suggesting that
complete [C-C] cleavage of the parent molecule is not favorable. In the liquid phase
(Figure 7.3b), 1-propanol was the dominant product (selectivity >30%), with lower
ethanol selectivity (<10%).

Unlike 1,2-propanediol or glycerol, conversion of 1,3-

propanediol produced small levels of propionic acid (~5% selectivity at all tested
conversions). All other identified intermediates were present with selectivity under 1%.
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Figure 7.2
Carbon selectivity as a function of 1,2-propanediol conversion to a) gas
phase carbon: CO2 (black squares, solid line), CH4 (red circle, dashed line), and C2H6
(blue triangle, dotted line); b) major liquid products: hydroxyacetone (black squares,
solid line), ethanol (green diamonds, dotted line), and 1-propanol (orange triangles,
dashed/dotted/dotted line). Selectivity was measured at 230 °C, 32 bar, and varying
WHSV to change feed conversion.
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Figure 7.3
Carbon selectivity as a function of 1,3-propanediol conversion to a) gas
phase carbon: CO2 (black squares, solid line), CH4 (red circle, dashed line), and C2H6
(blue triangle, dotted line); b) major liquid products: ethanol (green diamonds, dotted
line), propionic acid (navy pentagons, solid line), and methanol (purple stars, short
dashed line). Selectivity was measured at 230 °C, 32 bar, and varying WHSV to change
feed conversion.
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1-Propanol conversion was the simplest reaction, having a small number of identified
products. Gas phase carbon selectivity (Figure 7.4a) was only CO2 and ethane, the
products of [C-C] cleavage at the alcohol group. No propane was detected, even at
higher conversion, suggesting that [C-O] cleavage was not favorable for 1-propanol
conversion. In the liquid phase (Figure 7.4b), the dominant product at low conversion
was propionaldehyde, which dropped to almost zero selectivity at high conversion. The
only other significant product produced in the liquid phase was propionic acid.

In

addition, the carbon selectivity to ethane is nearly twice that of CO2, indicating that the
reaction is proceeding solely along a [C-C] cleavage pathway.

Key reaction turnover rates (TOR, normalized to total Pt loading) at feed conversion
between 1% and 3% are listed in Tables 7.2 and 7.3. Table 7.2 contains the TORs of
production of gas phase products Table 7.3 lists the rates to the intermediate products
resulting from a single [C-C] or [C-O] bond cleavage from the reactant are listed as a
general guide to relative selectivity between the [C-C] and [C-O] pathways. A complete
table of reaction rates at low conversion, including all identified and measured products,
may be found in the supplementary information (Table C.1).
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Figure 7.4
Carbon selectivity as a function of 1,3-propanediol conversion to a) gas
phase carbon: CO2 (black squares, solid line), CH4 (red circle, dashed line), and C2H6
(blue triangle, dotted line); b) major liquid phase products: propionaldehyde (black
squares, solid line), propionic acid (navy pentagons, solid line), and methanol (purple
stars, short dashed line). Selectivity was measured at 230 °C, 32 bar, and varying WHSV
to change feed conversion.
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Table 7.2
Reaction TOR for gas phase products measured at 1-3% feed conversion
for different C3 alcohol feed molecules. Reaction conditions were 230 °C, 32 bar, and
varying WHSV to achieve similar conversion.
TOR / 10-2 s-1
Reactant
Conversion Reactant
H2
CO
CO2 CH4 C2H6
Glycerol
1.4%
3.0 9.6
0.03
4.0
0.1
0.04
1,2-Propanediol
1.8%
3.7 6.1 0.002
1.3
0.3
0.1
1,3-Propanediol
2.2%
4.7 2.4
0.01
2.4
0.1
1.0
1-Propanol
3.0%
3.5
16
0.04
2.4
-2.8

Table 7.3
Reaction TOR for key intermediate products measured at 1-3% feed
conversion for different C3 alcohol feed molecules. Reaction conditions were 230 °C, 32
bar, and varying WHSV to achieve similar conversion.
Conversion
Reactant
Glycerol

1.4%

3.0

First [C-C]
Product
EG

1,2-Propanediol

1.8%

3.7

EtOH

1,3-Propanediol

2.2%

4.7

EtOH

1-Propanol

3.0%

3.5

CO2

Reactant

TOR / 10-2 s-1
First [C-C] First [C-O]
Rate
Product
0.59
PG + HA
1-PrOH
0.27
2-PrOH
0.84
1-PrOH
2.4

Propane

First [C-O]
Rate
0.87
0.06
1.5
--

From Tables 7.2 and 7.3, it is observed that the overall rates of reaction (as measured by
reactant TOR) were similar regardless of the alcohol feed molecule (Between 3.0 and 5.0
· 10-2s-1). However, despite the similarity in reaction rate, the product TORs are different
for each compound. For glycerol conversion, the TORs in the gas phase were dominated
by H2/CO2, with alkane TOR for both ethane and methane an order of magnitude lower
than the CO2 production rates. The TOR to liquid phase intermediates favored the
production of [C-O] products, with 1,2-propanediol and hydroxyacetone (the products of
a single C-O bond scission of glycerol) having a higher TOR than that to ethylene glycol.
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Similar to glycerol, 1,2-propanediol has a generally higher rate to CO2 and CH4 (in this
case, the production of methane can be indicative of [C-C] cleavage, due to the terminal
saturated hydrocarbon fragment) versus ethane (the result of [C-O] cleavage). In addition,
the rates to ethanol (the result of a single [C-C] cleavage of the parent molecule) and 1and 2-propanol (resulting from a single [C-O] cleavage) favor the production of ethanol
(5x higher TOR to ethanol than 1- and 2-propanols).

The rates for 1,3-propanediol suggest a preference toward the [C-O] cleavage pathway.
While the rates to CO2 were measured higher than on 1,2-propanediol, the rate of
hydrogen production was lower, indicating that hydrogen is being consumed as it is
generated. The rate to ethane is also an order of magnitude higher than for either glycerol
or propylene glycol. In the liquid phase, the rate to 1-propanol was nearly double the rate
to ethanol (2-propanol was not detected).

The rates for 1-propanol show a high rate of hydrogen generation, and only the presence
of [C-C] cleavage. Rates to CO2 and ethane were similar, consistent with a near 1:1
stoichiometry of these products resulting from solely [C-C] cleavage near the alcohol
group. The lack of any detectable propane in the effluent indicates that [C-O] cleavage is
negligible.

7.3

Discussion

As in our previous work focusing on glycerol as a reactant, the product distributions
observed were consistent with parallel carbon-carbon ([C-C]) and carbon-oxygen ([C-O])
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cleavage reactions. In addition, low concentrations of organic acid species were detected
in some of the product distributions, suggesting an additional side reaction not observed
from glycerol. The rates and selectivity trends presented here give insight into the
reaction pathways towards biomass reforming, and how the positions of alcohol and alkyl
groups affect the reaction pathway.

First, the overall rates of reaction are similar

regardless of the feed molecule which suggests that the rate limiting step (RLS) is similar
on all reactants regardless of functional groups. Previous literature has suggested that the
RLS for alcohol reforming reactions is not a C-C or C-O cleavage step [6], but rather
early dehydrogenation reactions at the C-H or O-H groups [58, 68]. However, the
similarity of the reaction rates here are consistent with the water-gas shift reaction being
rate limiting. Since all the feed molecules had products from [C-C] cleavage reactions, it
is expected the CO is on the surface of the catalyst. Previous operando experiments with
1-propanol and glycerol as feed molecules over Pt catalysts [28, 74] showed the presence
of CO on the surface during reaction. Since the catalyst was the same over all catalysts,
the rate of surface water-gas shift (WGS) will be the same (assuming that the surface is
CO saturated), which suggests that the removal of CO from the surface by water-gas shift
is rate limiting. This is consistent with the results in previous chapters that showed that
catalysts with improved WGS rates increased the rates of reforming.

7.3.1

Pathway Analysis

The selectivity trends presented in Figures 7.1-7.4 give insight into how functional group
position affects the preferred reaction pathway.

Both glycerol and 1,2-propanediol

preferentially follow a [C-C] cleavage pathway to generate high selectivity to CO2 (and
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CH4 in the case of 1,2-propanediol), and therefore hydrogen. In addition, the rates to [CC] cleavage reactions (i.e. CO2 and ethylene glycol for glycerol, CO2 and ethanol for 1,2propanediol as a feed) for glycerol and 1,2-propanediol are generally higher than the
measured [C-O] rates (HA/PG rate for glycerol feed, 1-PrOH rate for PG feed). This
suggests that molecules containing adjacent C-OH groups are more selective to the [C-C]
cleavage pathway.

While 1,2-propanediol had high selectivity to products resulting from the [C-C] cleavage
pathway, a large fraction of that was the liquid phase intermediate ethanol. The presence
of CO2 and CH4 in the gas phase effluent suggests that some complete conversion of the
feed molecule is occurring, but the increasing levels of ethanol, particularly at 13%
conversion (20% selectivity) and the fact that the CO2:CH4 selectivity is higher than 2
(experimental values between 3 and 5) suggest that, particularly at low conversions, the
reaction is selective to a single [C-C] cleavage, forming CO2, H2, and ethanol. As
conversion approaches 100%, it is presumed that this ethanol will react further generating
additional CH4, driving the CO2:CH4 ratio closer to the expected stoichiometric value of
two from the complete [C-C] scission of PG. The production of ethane via an initial [CO], then [C-C] cleavage also causes this ratio to be higher than 2, as it will generate CO2
from the conversion of the 1-propanol resulting from [C-O] cleavage. The 1,2propanediol also had a high selectivity to hydroxyacetone, particularly at lower
conversions, with the selectivity dropping off at higher conversions. This suggests that
the PG reacts through an initially dehydrogenated hydroxyacetone intermediate, much
like 1-PrOH (see below).
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The reactions of 1-propanol also favored a [C-C] cleavage pathway, reacting at the COHalkyl bond. The product distribution for this reaction was very limited, and the trends
suggest that 1-propanol reacts first through a propionaldehdye intermediate (identified by
the decaying trend in selectivity, Figure 7.4b) followed by subsequent [C-C] cleavage to
CO2 and ethane. The CO2:ethane rate ratios were close to 1:1 (within experimental error)
with no propane detected, suggesting that [C-C] cleavage was the predominant reaction.
1-Propanol also showed production of measureable amounts of propionic acid at all
conversions, suggesting the presence of a side reaction. The selectivity to this molecule
is decreasing (10% selectivity at 3% conversion to 7% selectivity at 24% conversion),
although not significantly as a function of conversion, suggesting that it is a side reaction
of the feed molecule, and not a major pathway intermediate as has been previously
proposed [28].

While glycerol, propylene glycol, and 1-propanol had a strong selectivity to a [C-C]
cleavage pathway, 1,3-propanediol reacted through a different pathway.

The major

product was 1-propanol at greater than 30% selectivity for all measured conversion,
which suggests that the first step in the conversion of 1,3-PD is the [C-O] cleavage at a
terminal C-OH fragment to form 1-propanol.

Ethanol, the major [C-C] cleavage

intermediate, was detected at lower selectivity, from 12% down to 3% at conversion
approaching 25%. Inspecting the relative cleavage rates to the liquid phase intermediates
(Table 7.3), it is observed that the rate to 1-propanol is 1.8 times higher than the rate to
ethanol. In addition, the presence of significant ethane selectivity (15-35% selectivity)
and low methane selectivity (<2%) suggest that [C-O] cleavage to 1-propanol is the

170
favored reaction, followed by reaction along the 1-propanol pathway. This is supported
by the significant fraction of propionic acid (around 5% selectivity at all measured
conversions) detected in the liquid phase, where previously it was only observed in the 1propanol product distribution. There is still a contribution from the [C-C] cleavage
pathway, due to the presence of ethanol (3 – 12% selectivity) and small amounts of
methane (<1% selectivity) and the fact that CO2:ethane rate ratios are less than 1:1.
Compared to the reactants with adjacent C-OH groups, the relative contribution of [C-O]
scission is much higher.

Comparing 1,2-propanediol and 1,3-propanediol gives insight into the effects of alkyl
position on the reactivity. 1,2-Propanediol, which contains a terminal methyl group and
adjacent C-OH fragments tends to favor a predominantly [C-C] cleavage route,
generating H2, CO2, ethanol, and methane. 1,3-Propanediol, which has a methylene
fragment between the C-OH groups, has a higher selectivity to 1-propanol, and therefore
a preference for [C-O] cleavage, indicating that the location of the alkyl group affects the
reaction. These results suggest that the presence of a bridging alkyl group rather than a
terminal fragment will shift the reaction selectivity towards an initial [C-O] cleavage
pathway, followed by subsequent [C-C] cleavage at the remaining COH-alkyl bond, as in
1-propanol.

An overall analysis of the products of each reaction gives insight to how certain
molecules are formed from reforming of biomass derived compounds. Compounds with
C:O stoichiometry of 1:1 generally react preferentially along a [C-C] scission pathway,
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but in the process do make small amounts of [C-O] cleavage products, which form small
alkanes at higher conversions [28, 60, 84]. In general, for smaller feed molecules (≤C3,
for example), these alkanes are methane and ethane. The reaction results suggest that the
methane is formed from the 1,2-propanediol intermediate, which is formed by [C-O]
cleavage over glycerol, and then reacts completely along a subsequent [C-C] pathway. In
general, it is concluded that alkanes in reforming are generally formed by [C-O] cleavage
of an alcohol group, followed by subsequent [C-C] cleavage reactions at COH-alkyl
bonds. However, these results indicate that glycerol (and other similar carbohydrate
molecules) are generally selective to hydrogen over Pt catalysts because their major
production intermediates (1,2-propanediol, ethylene glycol, ethanol, and propanols), even
those that have undergone one or two [C-O] cleavage reactions, tend to prefer subsequent
[C-C] cleavage reactions to form additional hydrogen, rather than favoring further [C-O]
cleavage that would generate larger or additional alkanes (i.e. propane). 1,3-Propanediol,
which is a minority product resulting from glycerol conversion of Pt catalysts (<2%
selectivity at all measured conversions), is the only product which reacts along a different
pathway, and that it is a minority product suggests that it will not have a significant effect
on overall pathway selectivity.

7.4

Conclusions

The position and number of functional groups on biomass-derived C3 molecules was
shown to have an effect on the overall pathway. The overall reaction rates were similar
for all feed molecules (3.0 – 5.0 · 10-2 s-1), consistent with previous results that suggest
that water-gas shift to remove CO is the rate limiting step (as all molecules tested form
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surface CO through the [C-C] cleavage pathway.
different pathway selectivity.

The different molecules showed

Glycerol, 1,2-propanediol, and 1-propanol showed a

preference to a [C-C] cleavage pathway, with high selectivity to CO2 and hydrogen, and
generally higher rates to products resulting from carbon-carbon bond cleavage. Both
glycerol and 1,2-propanediol have adjacent COH groups, suggesting that molecules with
similar configuration will react preferentially along the [C-C] cleavage route to form H2.
1,3-Propanediol, in contrast, showed a strong selectivity to an initial [C-O] cleavage route
to for significant amounts of 1-propanol (>30% selectivity), which then reacts along the
preferred [C-C] cleavage route observed for 1-propanol as a feed molecule. However,
this initial [C-O] scission reaction consumes some of the hydrogen generated by the [C-C]
scission pathway, which overall will reduce hydrogen yields. Thus, the presence of a
linking or secondary alkyl fragment appears to shift the overall pathway selectivity
towards an initial [C-O] cleavage, whereas products with adjacent C-OH groups, or only
a single alcohol preferentially react along the [C-C] scission pathway.
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Appendix A Tables
Table A.1
Fit parameters for the Pt LIII and Co K edge XANES and EXAFS for the
PtCo/MWCNT catalyst reduced and under operando glycerol reforming conditions.
Catalyst
Treatment
Edge Energy
Pt LIII Edge
Pt Foil
-11.5640
5%
Reduced at 400 °C, in He at RT
Pt/MWCNT
11.5640
Reduced at 400 °C, in He at RT
5% Pt, 1.6%
Co
(Pt:Co 1:1)
/MWCNT

Co Foil
CoO
Standard
5%
Co/MWCNT

5% Pt, 1.6%
Co
(Pt:Co 1:1)
/MWCNT

Operando – 230 °C, 32 bar, 30
wt% aqueous glycerol, low
conversion
Operando – 230 °C, 32 bar, 30
wt% aqueous glycerol, high
conversion

11.5643
11.5644

11.5644

--

7.709

--

7.716

Reduced at 400 °C, in He at RT

7.7092

Water treated at 300 °C, in He at
RT

7.7168

Reduced at 400 °C, in He at RT

7.709

Operando: 230 °C, 32 bar, 30
wt% aqueous glycerol, low
conversion

7.7091
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Table A.1 Continued

Catalyst
Pt Foil
5%
Pt/MWCNT
5% Pt, 1.6%
Co
(Pt:Co 1:1)
/MWCNT

Co Foil
CoO
Standard

Absorber Backscatter
Pt-Pt
Pt-Pt
Pt-Pt
Pt-Co
Pt-Pt
Pt-Co
Pt-Pt
Pt-Co
Co-Co

Co-O
Co-Co
Co-O
5%
Co/MWCNT Co-Co
Co-O
5% Pt, 1.6% Co-Co
Co-Pt
Co
(Pt:Co 1:1) Co-Co
/MWCNT Co-Pt

N
R (Å)
Pt LIII Edge
12
2.77
6.8
4.6
2.5
7
1.8
7.9
1.1
Co K Edge
12

2.72
2.73
2.60
2.74
2.61
2.74
2.61

6.0
5.8
3
-5.7
3.8
2.6
2.1
2.7

1.91
2.51
1.91
-1.91
2.51
2.61
2.51
2.61

∆σ2
(10-3Å2)

E0 shift
(eV)

2
3
3
4
4
4
4

-2.4
-1.6
3.7
-0.2
-1.2
-1.6
1.3

1
1

0.2
9.1

2
4
4
4
4

--2.5
-0.5
-6.2
-5.7
1.6

2.51

--
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Appendix A Figures

Figure A.1
Representative transmission electron microscopy images for a,b) fresh
PtCo, reduced in H2 at 400 °C, c,d) PtCo after 1 week on stream, e,f) fresh Pt, reduced in
H2 at 400 °C, g,h) Pt used for 1 week on stream.
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a

b

Figure A.2
Particle size distribution histograms for a) PtCo/MWCNT fresh (solid red)
and used after 1 week on stream (hatched black), b) fresh (solid red) Pt/MWCNT and
used after 1 week on stream (hatched black).
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Figure A.3
a) High resolution HAADF-STEM images where surface termination
planes are as marked. Both particles are of FCC structure a) The Pt shell/Co core particle
viewed at (001), c) The well mixed PtCo alloy viewed at (110). b, d) FFT patterns of the
corresponding particles. The interplanar spacings at the core-shell particle are found to be
d(200) = 0.24 nm and d(220) = 0.16 nm whereas for the alloyed particle d(111) = 0.25
nm and d(002) = 0.22 nm.
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a

b

Figure A.4
Pt LIII XANES (11.54 to 11.58 keV) for a) Pt/MWCNT in He (blue, solid
line), and with adsorbed CO (green, dashed line). b) PtCo/MWCNT in He (blue, solid
line), and with adsorbed CO (green, solid line).
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Figure A.5
a) Magnitude of the k2-weighted FT of the a) Pt LIII EXAFS for the PtCo
catalyst under reaction conditions at low (red, dashed line) and high (orange,
dashed/dotted line) conversions compared to the reduced sample (blue, solid line), b) Co
K EXAFS for the PtCo catalyst under reaction conditions at low conversion (red, dashed
line) compared to the reduced sample (blue, solid line).
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Figure A.6
H2 production rate versus time on stream. Rates measured at 230 °C, 32
bar, WHSV = 180 hr-1, with 30 wt% aqueous glycerol feed over a period of 180 hours.
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Quantification and Crosschecking of the XAS/STEM Results
The use of STEM on the used catalyst has given us additional localized information in
addition to the XAS, which has yielded bulk average coordination and bond distance
information under reaction conditions. Thus, it is necessary to check the STEM and XAS
quantitatively to ensure that the data obtained with the STEM is in agreement with the
data collected under XAS.

As XAS is a bulk average technique, with a few key

assumptions, it is possible to extract the contribution of the XAS coordination numbers
from different particle types (i.e., the contributions from Pt only and PtCo bimetallic
particles).

Three key assumptions were made during this exercise. First, the elemental fraction of Pt
in the different particle types was assumed. STEM indicates that ~60% of the particles
scanned were Pt only, however, the STEM did not give concentration information, and so
a guess had to be made. In the analysis, this parameter was varied in order to provide a
range of possible distributions, and the results were analyzed as to whether the estimated
particle sizes were reasonable based on the STEM and TEM data using the correlation of
Miller et al [61]. The second assumption was that the monometallic Pt particles were of a
uniform size distribution of around 2.2 nm, as determined from the TEM analysis
(particle size distributions for the STEM matched the data observed in the TEM). Finally,
because there were no isolated Co particles detected in the STEM, it was assumed that all
metallic Co must be coordinated to the Pt in the bimetallic particles.
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Using the correlation of Miller et al. relating metal dispersion to Pt-Pt coordination
numbers derived from the EXAFS [61], the CN for the Pt only particles was calculated.
For 2.2 nm particles, this contribution was 7.1.

Assuming 50% of the Pt was in

monometallic particles, and 50% was in the bimetallics, the contribution to the measured
CN from the operando experiments is 7.1 · 0.5 = 3.6. Subtracting that from the measured
CN leaves the Pt-Pt contribution from the bimetallics, or 7 – 3.6 = 3.4. This number is
then divided by the molar fraction in the bimetallics to yield the ‘true’ Pt-Pt N for the
bimetallic particles; 3.4/0.5 = 6.9. Since the Pt-Co contribution comes only from the
bimetallic particles, the experimental CN is also divided by the molar fraction of Pt to
give the ‘true Pt-Co N’ for the bimetallic particles, i.e., 1.8/0.5 = 3.6. For the Co edge
data, the raw metal-metal CN were divided by the fraction of Co metal from the XANES
(i.e.

!0U0
G.2

) to determine the ‘true N’ for the Co edge. Because we assume that all the Co

metal was in the bimetallics and not elsewhere on the surface in Co only particles, those
numbers are constant throughout the analysis.

The molar distribution of Pt between the monometallic and bimetallic particles was
varied between 20% and 80% in the bimetallic to study the most likely distribution of Pt.
The results of these calculations are in Table A.2.
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Table A.2
Estimated CN for PtCo bimetallic particles only (removing the
contribution from the monometallic particles) for varied distributions of Pt in
monometallic and bimetallic particles.
Pt molar fraction
in bimetallic 80% 67% 60% 50% 33% 25% 20%
Pt-Pt
7
7
6.9
6.9
6.8
6.7
6.6
Pt-Co
2.3
2.7
3
3.6
5.5
7.2
9.0
Co-Pt
3.9
3.9
3.9
3.9
3.9
3.9
3.9
Co-Co
3.0
3.0
3.0
3.0
3.0
3.0
3.0
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Table B.1
EXAFS Fit Parameters for PtCo catalysts at the Pt LIII and Co K edges at
varying pretreatment and reaction conditions. All catalysts scanned at room temperature
in He, except the operando samples, which were scanned at reaction temperature listed.
Edge Energy
Catalyst
Conditions
(keV)
Pt LIII Edge
Pt Foil
-11.5640
5% Pt, 0.8% Co
Reduced 400 °C
11.5640
(Pt:Co 1:0.5)
5% Pt, 1.6% Co
(Pt:Co 1:1)

5% Pt, 7.8% Co
(Pt:Co 1:5)

Co Foil
CoO Standard
5% Co/MWCNT

5% Pt, 0.8% Co
(Pt:Co 1:0.5)
5% Pt, 1.6% Co
(Pt:Co 1:1)

5% Pt, 7.8% Co
(Pt:Co 1:5)

Reduced 400 °C

11.5643

in operando 230 °C, 470
PSIG, aq. Glycerol

11.5644

Reduced 400 °C

11.5643

in operando 230 °C, 470
PSIG, aq. Glycerol
Co K Edge
---

11.5644
7.709
7.716

Reduced 400 °C

7.7092

Treated with 20% H2O/He
at 300 °C

7.7168

Reduced 400 °C

7.709

Reduced 400 °C

7.709

in operando 230 °C, 470
PSIG, aq. Glycerol

7.7091

Reduced 400 °C

7.709

in operando 230 °C, 470
PSIG, aq. Glycerol

7.709
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Table B.1, continued

Catalyst
Pt Foil
5% Pt, 0.8% Co
(Pt:Co 1:0.5)
5% Pt, 1.6% Co
(Pt:Co 1:1)

5% Pt, 7.8% Co
(Pt:Co 1:5)

Co Foil
CoO Standard
5% Co/MWCNT

5% Pt, 0.8% Co
(Pt:Co 1:0.5)
5% Pt, 1.6% Co
(Pt:Co 1:1)

5% Pt, 7.8% Co
(Pt:Co 1:5)

Absorber Backscatter
N
R (Å)
Pt LIII Edge
Pt-Pt
12
2.74
Pt-Pt
3.0
2.75
Pt-Co
2.2
2.58
Pt-Pt
4.0
2.75
Pt-Co
2.5
2.58
Pt-Pt
7.0
2.73
Pt-Co
1.8
2.61
Pt-Pt
--Pt-Co
5.9
2.58
Pt-Pt
5.4
2.75
Pt-Co
2.5
2.61
Co K Edge
Co-Co
12
2.51
Co-O
6
1.91
Co-Co
5.8
2.51
Co-O
3
1.91
Co-Co
--Co-O
5.7
1.91
Co-Co
1.7
2.51
Co-Pt
3.5
2.61
Co-Co
3.8
2.51
Co-Pt
2.6
2.61
Co-Co
2.1
2.51
Co-Pt
2.7
2.61
Co-Co
8.0
2.51
Co-Pt
--Co-Co
5.5
2.51
Co-Pt
3.1
2.61

∆σ2
(103 2
Å)

E0 shift
(eV)

-2
2
2
2
4
4
-2
5
5

--2.7
4.6
-1.4
4.6
-0.2
-1.2
-4.3
-1.1
1.8

--1
1
-2
4
4
4
4
4
4
1
-5
5

--0.2
9.1
--2.5
-1.9
-6.3
-0.5
-6.2
-0.5
-1
--0.3
1.5
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Table B.2
Linear combination XANES fit results for the Co edge of PtCo/MWCNT
and Co/MWCNT supported catalysts at varying varying pretreatment and reaction
conditions. All catalysts scanned at room temperature in He, except the operando
samples, which were scanned at reaction temperature listed. Co foil and a CoO powder
sample were used as the references.
Catalyst
Conditions
% Co0 % Co2+
Co Foil
100
--CoO
-100
-44
56
Reduced 400 °C
5% Co/MWCNT Reduced at 400C, Treated with 20%
0
100
H2O/He at 300 °C, 1 atm
5% Pt, 0.8% Co
Reduced 400 °C
75
25
(Pt:Co 1:0.5)
80
20
5% Pt, 1.6% Co Reduced 400 °C
(Pt:Co 1:1)
in operando 230 C, 470PSIG, aq. Glycerol
50
50
90
10
5% Pt, 7.8% Co Reduced 400 °C
(Pt:Co 1:5)
in operando 230 C, 470PSIG, aq. Glycerol
90
10

Table B. 3
Surface area fractions and site time yield contributions from each particle
type used to calculate intrinsic STYs for each observed surface.
Surface Area Fractions
Catalyst

Calculated STY
Contributions (10-2s-1)

Observed
STY
(10-2s-1)

Pt

Mixed
Alloy

Pt Shell
Co Core

Pt
only

Mixed
Alloy

Pt Shell
Co Core

Guess
Rate

Error

Pt

7.1

1.00

0.00

0.00

7.1

0.0

0.0

7.1

0.0

PtCo 1:0.5

9.9

0.59

0.13

0.28

4.2

5.2

1.5

11

-1.0

PtCo 1:1

11

0.59

0.11

0.30

4.2

4.3

1.6

10

0.9

PtCo 1:5

23

0.23

0.50

0.27

1.6

19.8

1.5

23

0.1

SSE

1.8
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Appendix B Figures

Figure B.1
Pt LIII XANES (11.54 – 11.58 keV) for a) PtCo 1:1 in He (solid red) and
in operando (dashed red) with the ∆XANES (dotted red) and b) PtCo 1:5 in He (solid
green) and in operando (dashed green) with ∆XANES (dotted green). Operando
conditions were 230 °C, 32 bar, 30 wt% aqueous glycerol flow at 2% glycerol conversion.
∆XANES = spectra in operando – spectra in He.
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Figure B.2
Pt LIII ∆XANES (11.55 – 11.58 keV) reference spectra of CO adsorbed on
a PtCo/MWCNT catalyst demonstrating the effect of CO on the XANES. ∆XANES =
spectra in CO – spectra in He.
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Figure B.3
Co K XANES (7.70 – 7.74 keV) a) PtCo 1:1 in He (solid red) and in
operando (dashed red) and b) PtCo 1:5 in He (solid green) and in operando (dashed
green). Co foil (dashed/dotted black) and CoO standard (dashed/dotted/dotted black) are
included as references. Operando conditions were 230 °C, 32 bar, 30 wt% aqueous
glycerol flow at 2% glycerol conversion.
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Figure B.4
Co K EXAFS for for a) PtCo 1:1 in He (solid red) and in operando
(dashed red); and b) PtCo 1:5 in He (solid green) and in operando (dashed green).
Operando conditions were 230 °C, 32 bar, 30 wt% aqueous glycerol flow at 2% glycerol
conversion.

198

Figure B.5
Particle size distributions for the used PtCo 1:0.5 (a), 1:1 (b), and 1:5 (c).
Number of particles counted was 162 (PtCo 1:0.5), 229 (PtCo 1:1), and 74 (PtCo 1:5).
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Figure B. 6 Pt LIII XANES (11.54 – 11.58 keV) for the PtCo 1:5 reduced at 400 °C
and scanned in He (red, solid line) and after glycerol reforming reaction for 16 hours (red,
dashed line).
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Figure B.7
Hydrogen, carbon dioxide, and glycerol site time yields versus time on
stream for PtCo 1:1 (a), 1:5 (b), and monometallic Pt catalysts (c). PtCo 1:1 stability was
measured at 230 °C, 32 bar, and 30 wt% glycerol feed at WHSV = 180 hr-1. PtCo 1:5
stability was measured at 230 °C, 32 bar, and 30 wt% glycerol feed at WHSV = 8 hr-1. Pt
stability was measured at 230 °C, 32 bar, and 30 wt% glycerol feed at WHSV = 1 hr-1.
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Figure B.8
Percentage of bimetallic PtCo particles (sum of mixed alloy and Pt
shell/Co core) versus aqueous phase reforming STY for Pt and PtCo 1:0.5, 1:1, and 1:5
catalysts. Glycerol STYs were measured at 230 °C, 32 bar, and 30 wt% glycerol feed at
WHSV = 180 hr-1.

Figure B. 9 Percentage of bimetallic Pt shell/Co core (red squares) versus aqueous
phase reforming site time yield for Pt and PtCo 1:0.5, 1:1, and 1:5 catalysts. Glycerol
STYs were measured at 230 °C, 32 bar, and 30 wt% glycerol feed at WHSV = 180 hr-1.
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Chapter 7 Supplementary Material

Appendix C Tables
Table C.1
Complete list of rates measured at low conversion for all products
resulting from C3 Alcohol reforming.
Propylene
1,3Reactant
Glycerol
1-Propanol
Glycol
Propanediol
1.4%
1.8%
2%
3%
Conversion
-2 -1
TOR / 10 s
3.0
3.7
4.7
3.5
Feed Conv. Rate
9.6
6.1
2.4
15
H2
0.03
0.002
0.01
0.04
CO
4.0
1.3
2.4
2.4
CO2
0.1
0.3
0.1
-CH4
0.04
0.1
1.0
2.8
C2H6
0.01
0.03
0.02
-Acetaldehyde
0.001
0.01
0.1
0.5
Propionaldehyde
0.01
0.01
--Acetone
0.2
-0.1
0.2
Methanol
0.001
0.01
--2-Propanol
0.2
0.3
0.8
-Ethanol
0.1
0.05
1.5
Feed
1-Propanol
0.5
2.8
--Hydroxyacetone
----Acetic Acid
-0.03
0.3
0.3
Propionic Acid
Propylene
0.4
Feed
--Glycol
0.6
---Ethylene Glycol
0.02
-Feed
-1,3 Propanediol
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Appendix C Figures

Figure C.1
Selectivity vs. conversion plots for the conversion of glycerol over
Pt/MWCNT-n catalysts for minor liquid phase reaction products: Acetaldehyde (black
squares, solid line), propionaldehyde (red circles, dashed line), acetone (blue triangles,
dotted line), and 2-propanol (green inverted triangles, dashed/dotted line). Data was
collected at 230 °C, 32 bar, with varying WHSV.

204

Figure C.2
Selectivity vs. conversion plots the conversion of propylene glycol over
Pt/MWCNT-n catalysts to minor liquid phase reaction products: Acetaldehyde (black
squares, solid line), propionaldehyde (red circles, dashed line), acetone (blue triangles,
dotted line), and methanol (green inverted triangles, dashed/dotted line). Data was
collected at 230 °C, 32 bar, with varying WHSV.
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Figure C.3
Selectivity vs. conversion plots for the conversion of propylene glycol
over Pt/MWCNT-n catalysts to organic acid products: Propionic acid (black squares,
solid line) and acetic acid (red circles, dashed line). Data was collected at 230 °C, 32 bar,
with varying WHSV.
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Figure C.4
Selectivity vs. conversion plots for the conversion of 1,3-propanediol over
Pt/MWCNT-n catalysts to minor liquid phase reaction products: Propionaldehyde (black
squares, solid line), methanol (red circles, dashed line), and 2-propanol (blue triangles,
dotted line). Data was collected at 230 °C, 32 bar, with varying WHSV.
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Figure C.5
Selectivity vs. conversion plots for the conversion of 1-propanol over
Pt/MWCNT-n catalysts to organic acid products: Propionic acid (black squares, solid line)
and acetic acid (red circles, dashed line). Data was collected at 230 °C, 32 bar, with
varying WHSV.
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